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It iswellknownthattimberstructuresareaffectedbytheclimatetowhichthey
are exposed. Changes in relative humidity of the surroundings of a structural
membersuchasaglulambeam leadtoan inhomogeneousmoisturedistribution
in the cross section.Owing to hygroexpansion being internally restrained, this
results in moisture induced stresses perpendicular to grain. A cross section
subjectedtooneͲdimensionalwettingexhibitscompressivestressesattheborder
andtensilestressesinthecentre,whereasinadryingcase,theoppositeapplies.
Itwas inthe literaturereportedthatthestressesestablishedduringwettingare
generallylargerthancorrespondingstressesduringdrying.Moreover,thetensile
stresses were found to exceed the characteristic tensile strength of timber
perpendicular to grain. This led to an increasing interest inmoisture induced
stresses in timber, which was also underpinned by the occurrence of several
failuresoftimberstructuresduringthelastyears,wheretensionperpendicularto
grainwasoneofthemostcommonfailurecauses.
This thesis presents a state of the art onmoisture induced stresses in glulam,
complementedwithown findings.Theseare covered indetail in theappended
papers. The first objective was to find a suitablemodel to describemoisture
induced stresses, in particular with respect to mechanosorption. A review of
existing models led to the conclusion that the selection of correct material
parameters ismorecriticaltoobtainreliableresultsthantheformulationofthe
mechanosorptionmodel.Aseriesoflaboratorytestswasthusperformedinorder
to determine the parameters required for the model and to experimentally
measure moisture induced stresses in glulam subjected to oneͲdimensional
wetting/drying.Specialattentionwaspaid tousingglulam from thesamebatch
foralltheexperimentalmeasurementsinordertocalibratethenumericalmodel
reliably.
The results of the experiments confirmed that moisture induced stresses are
larger during wetting than during drying, and that the tensile stresses could
clearly exceed the characteristic tensile strength perpendicular to grain.
Nevertheless,experimentalapproachesareonlycapableofdeterminingaverage
stresses (average over cross section height). Thus, in a subsequent step, a
numericalmodelwas used to calculate localmoisture induced stresses. Itwas
shownthatthearisingstressesdependhighlyontheannualringconfigurationof
theglulamcrosssection.Moreover,localstressescanbesignificantlylargerthan
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averagestresses.Itwasalsoshownthatthestressescanbereducedbyoptimising
the geometrical configuration of the cross section, namely by using laminates
withoutpiths.
Furthermore, theuseof selfͲtapping screws as ameasure to increase the load
bearingcapacityofglulambeamssubjectedtoclimatevariationswasstudied. It
was shown that this timber reinforcement method was able to significantly
reducethelargetensilestressesarisingduringwettinginthecrosssectioncentre,
whileduringdrying, it increasedonly slightly the tensile stressesat theborder.
Thenumericalmodelwasfurtherusedtostudytheeffectofthescrewdistance,
cross sectionwidth, and pith location in the laminates duringwetting. It was
found that all three factors considerably influence the stresses. The results
indicated,however,thatasignificantreductionoftensilestressesispossiblewith
practicalscrewdistances.
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1.1 Background
Timber is the oldest buildingmaterial. It has been used since ancient time for
structuralpurposessuchasboatconstructions,housingsandbridges.Timberhas
beenextensivelyused,dueto itsworkability, itstraditionandparticularlydueto
itsavailabilityalmosteverywhere.JapanandScandinaviaareregionswitha long
traditionoftimberconstruction,whereeventimberstructuresfromtheseventh
and twelfth century, respectively,are stillexisting (Thelandersson2003).Before
modern structural materials became available, timber was the predominant
materialusedinbridgeconstruction.Oneoftheoldeststillexistingtimberbridges
istheChapelBridge inLucerne,Switzerland,built in1333.Theseexamplesshow
that if timber structures are properly designed and maintained, they have
excellentdurability(Thelandersson2003).
Today, timber as a structuralmaterial isused in awide varietyof applications,
such as single family houses, large scale residential and industrial buildings, as
well as bridges. Timber has several advantages compared to other building
materials: It is environmentally friendly, easily recyclable and exhibits very low
energyconsumptionduringproduction (Thelandersson2003).Moreover, timber
has a high strengthͲtoͲweight ratio,which facilitates production, transport and
erectionandwhichcontributestoagoodperformanceoftimberbuildingsduring
earthquakes (KaracabeyliandPopovski2003). Inaddition,timber isaesthetically
pleasing,thusofferinggreatpossibilitiesinarchitecturaldesign.
Duetothefactthatthemaximumdimensionofsolidtimber isnaturally limited,
engineered wood products were developed to extend the spans for timber
structures.Gluedlaminatedtimber(glulam)wasoneofthefirstengineeredwood
products,which isproducedbygluing together timber laminates to form larger
members.Glulam isstillhighlycompetitive inmodern, largeͲscaleconstructions,
as itcanbeproduced inalmostanyshapeandsize(Thelandersson2003;Glulam
handbook2003).
Theincreasingenvironmentalawarenessandthetrendtowardsusingecologically
soundmaterialsinconstructionleadtoagrowingpopularityoftimber.However,
several failuresofwoodenroofstructures thatoccurred incentralandnorthern
Europeinthelastyearsnegativelyaffectedtheimageoftimberasaconstruction
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material. In the cases, where these failures led to fatalities and accordingly
received largemediaattention,weaknesses related to thematerial timber itself
werebelieved tobe the cause (Frühwaldet al.2007).The truth is though that
almostwithoutexception, structural failuresweredue tohumanerrors.Failure
analyses showed that a majority of mistakes were related to incorrect
assumptionsorinsufficientconsiderationofloadsandactions.Inmanycases,the
inadequateconsiderationofclimaticeffects led to intolerableeffects for timber
structures.Themostcommonproblem iscracksperpendiculartograinasarising
frommoistureinducedstresses(Frühwaldetal.2007;FreseandBlass2007).
In the past years, studieswere performed to investigate the effect of climate
variationsonglulammembers,e.g.(AicherandDillͲLanger1997;Jönsson2005b).
These have shown that significantmoisture induced stresses perpendicular to
graindevelop,which increasetheriskforcracking.Thereisaneedforincreasing
the knowledge about moisture effects, in order to properly take them into
accountindesignstandardsandthusinthedesignofsafetimberstructures.
1.2 Objectives
The objective of the thesiswas to approach the problem ofmoisture induced
stressesperpendiculartograininglulambymeansofthefollowingtasks:
1. Numericalmodelformoistureinducedstresses
Reviewtheliteratureandfindasuitablemodeltodescribemoisture
inducedstresses,inparticularwithrespecttomechanosorption
2. Experimentstocalibratethenumericalmodel
Experimentallymeasuremoistureinducedstressesinglulamspecimens;
measurethematerialparametersrequiredforthenumericalmodel
3. Mainparametersandlocalstresses
Usetheexperimentalresultsandthemodeltoidentifythemain
parametersthatdeterminemoistureinducedstresses;focusinparticular
onlocalstressesinadditiontostressesaveragedoverthecrosssection
height
4. Reinforcementscrews
AssessthesuitabilityofselfͲtappingscrewsasmeanstomitigatecracking
perpendiculartograinowingtomoistureinducedstresses
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1.3 Limitations
IntheexperimentsandnumericalsimulationsonlyglulammadeofNorwayspruce
(PiceaAbies)isconsidered.Thestudiedspecimensareonamacroscalelevel,thus
includingvariousdefectssuchasknots,fibreinclination,reactionwoodandresin
pockets. The property and the impact of these defects as well as of the
microstructure of the wood are not treated. Effects from varying moisture
contents resulting from varying RH levels are studied, while the effect of
fluctuating temperature is disregarded, as well as possible hysteresis effects.
Other effects, such as size and duration of load effects are addressed in the
theoreticalandreviewpart,butareneglectedintheexperimentsandsimulations
performedbytheauthor.Similarly,timeͲdependentcreepisignored.
Moistureinducedstressesinglulam
4

ʹ 
	
2.1 Glulammanufacture
The dimension of structural timber sawn from logs is naturally limited. To
overcome these limitations timber beams are glued together to form larger
members,commonlyreferredtoasgluedlaminatedtimberorsimplyglulam.
Inprinciple,anywoodspeciescanbeusedforglulamproduction,butinpractice
mainly softwoods (spruce) are used, as hardwoods are often associated with
difficulties ingluing.Laminatesofacertainthicknessaresawn fromthe logand
dried touniformmoisture content,beforebeing strength graded. The strength
gradingallowsaglulamcrosssection tobebuiltupof laminateswith thesame
strength (homogeneous glulam), orwith higher quality in the outer laminates,
wherestressesnormallyarehighest(combinedglulam).Thelaminatesarejoined
lengthwisebymeansoffingerͲjointsandcuttotherequiredlength.Thelaminates
arethenplacedontopofeachother,withtheirgraininthelongitudinaldirection
ofthemember,andgluedtogethertoformthedesiredcrosssection.Toreduce
internal stresses the laminatesareplaced in suchaway that thecore sidesare
identicallyorientedthroughoutthecrosssection,whiletheoutermost laminates
arealwaysturnedwiththecoresideoutwards(Fig.1).

Fig.1Orientationoflaminatesinaglulambeam

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Thelaminatepackageorglulammemberisthenliftedovertobencheswherethe
necessarypressure is applied.Whenpressure is applied, the laminatesmaybe
bent to produce cambered or curved forms. Theoretically, glulam can be
manufacturedinalmostanydesiredshapeandsize.Inpractice,however,thesize
is limited for reasons related to transportation, sizeof theproductionareaand
opentimeoftheadhesive.Glulamissuitableforawidevarietyofuses,butowing
toitshighstrengthͲtoͲweightratioitisespeciallyappropriatefortheconstruction
ofhallswith largespans.Further informationaboutglulamcanbe founda.o. in
theGlulamhandbook(2003).
2.2 Moisturecontentanddimensionalchanges
Themoisture content (MC) is defined as theweight ofwater contained in the
wood relative to the weight of dry wood.Water contained in woodmay be
presentintwoforms,asfreewater(inthecelllumen)orasboundwater(bound
incellwalls).Whenwood isdried,freewater isfirst lost.Themoisturecontent,
whenthecellwallsaresaturatedwithwaterbutnofreewater ispresent inthe
cell lumen, is called fibre saturationpoint (FSP).Generally, the fibre saturation
pointrangesfrom25Ͳ35%,where30% isareasonableaverageformostpractical
purposes(GlassandZelinka2010).
The laminations used in glulam components are dried individually to a wood
moisturecontentofabout12%beforegluing.Underdifferentclimaticconditions
the moisture content of the glulam member will in time adjust itself to the
surroundingrelativehumidity(RH)andtothetemperature.Themoisturecontent
whichisinequilibriumwiththerelativehumidityandthetemperature,istermed
theequilibriummoisturecontent(EMC)anddependsonwhetheritisreachedas
aresultofdesorptionoradsorption.Thisphenomenonisknownashysteresis.As
a consequence of seasonal changes in the climate, themoisture content in a
structurewillvarycontinuously.
Glulam, likeother timbermaterials,exhibitsdimensional changesasa resultof
moisture variations (below fibre saturation):Glulam shrinkswhen themoisture
content decreases and swellswhen it increases. These dimensional changes or
movements are not equal in all directions.Often tangential changes are about
twice the radialchanges,whereas longitudinalchangesarenegligible (Glassand
Zelinka2010).Toquantify thesemovements,dimensionalchangesare recorded
overa rangeof relativehumiditiesormoisturecontents.The linear relationship
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betweenchangeinlengthȴlandchangeinmoisturecontentȴucanbeexpressed
withthefollowingequation:
 D'  'l u ,whereɲisthehygroexpansioncoefficient. (1)
Thepresentauthorhasperformedmeasurementsandcalculationsconcerningthe
hygroexpansion coefficient in tangential and radial direction, reported inAngst
andMalo(2012a)andAppendixA.Inthefirstreference,glulamspecimens(Fig.1)
wereseasoned ineitherdry(40%RH)orwetclimate(90%RH)beforebeingcut
into slices along the height. The slices were exposed to wetting or drying,
respectively, while the change in lengths and the moisture contents were
measured. The relation between change in lengths and change in moisture
contentsresultedineffectivehygroexpansioncoefficientsalongtheheightofthe
slices.Bymeansofanumericalmodel,theeffectivehygroexpansioncoefficients
could be divided in a tangential and a radial hygroexpansion coefficient. In
contrasttothe literature,thepresentauthorfounddifferentcoefficientsforthe
case of wetting and drying. Additional measurements and calculations of
hygroexpansioncoefficientsreportedinAppendixArevealedthesame:Different
coefficients were obtained for wetting and drying. Moreover, the individual
coefficients were similar in both studies (Table 1), although these were
determinedondifferentspecimenssubjectedtodifferentclimatevariations.The
resultswere in the range of literature values for the same type of glulam, or
glulamlaminationbeingNorwayspruce(Piceaabies),respectively.Table1shows
that the coefficients obtained by different authors vary considerably although
theywere recordedon the samematerial.The relationbetween tangentialand
radialcoefficient,however,isverysimilar,beingapproximately2:1.
Table1HygroexpansioncoefficientsforNorwayspruce(Piceaabies)
 Tangentialdirection Radialdirection
Presentauthor
(AngstandMalo2012a)
0.32/0.26
wetting/drying
0.15/0.14
wetting/drying
Presentauthor
(AppendixA)
0.34/0.28
wetting/drying
0.17/0.14
wetting/drying
Jönsson(2005b) 0.22 0.11
Ormarsson(1999) 0.35 0.19
Dinwoodie(2000) 0.15 0.07
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In order tominimize dimensional changes of glulammembers in service, the
members are dried to a moisture content close to the equilibrium moisture
contentlikelytobeencounteredinservicebeforeassembly.Otherwise,hindered
shrinkage deformations can occur which may, for example, cause tension
perpendiculartograinandleadtoaprematurefailure.
2.3 Strengthandstiffness
Glulamcomponentsachieve ingeneralgreater strengthand stiffnessproperties
than corresponding dimensions of ordinary structural timber, because the
variability instrengthwithinthemember issmaller.Strengthreducingdefectsof
solidwoodareeitherremovedduringmanufactureormoreuniformlydistributed
inthefinishedglulammembersothateachdefecthaslessimportancecompared
tosolidwood.Thiscanbeexplainedby thesoͲcalled“laminationeffect”,which
means that the load sharingbetween laminations allows locallyweak zones to
redistribute stress to adjacent stronger regions (Glulam handbook 2003). The
strength of ordinary structural timber, on the other hand, corresponds to the
strengthoftheweakestcrosssection,usuallyatthe locationofaknotorsimilar
weaknesses.
Strengthand stiffnesspropertiesvary considerablywith respect to thematerial
direction.Due to theorientationof thewood fibres, strength and stiffness are
much higher in the longitudinal direction than in the transverse direction. The
propertiesdifferalso in the transversedirection,between radialand tangential
direction. In engineering design, however, no distinction is made between
tangential and radial direction, and thus only parameters parallel and
perpendicular to thegrainareprovided.Aglulambeam iscomposedof several
laminates,eachwithadifferentannualringpattern,and thusdifferentmaterial
orientations(Fig.1).Thereby,theoriginofthematerialorientations is located in
the pith of each laminate, i.e. the centre of the annual rings. This nonͲ
homogeneity of glulam results in irregular stress distributionswithin the cross
section upon loading. A standard glulam cross section which is subjected to
uniformlydistributed tensile loadingof0.2MPa inverticaldirectionreveals two
issues (Aicher and DillͲLanger 1997): The horizontal distribution of vertical
stressesattheloweredgeofoneboardlocatedinthecentreofthecrosssection
exhibitsapronouncedstresspeaknearmidͲwidth(Fig.2).Thispeakisbelievedto
resultfromthedifferencesbetweentangentialandradialstiffnessandalsofroma
soͲcalled shearcouplingeffect.Thevertical stressdistributionalong thecentreͲ
line(midͲwidth)showsanincreaseofthestresstowardsthegluelines(Fig.2),due
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to the breaking of the polarmaterial symmetry at the interfaces of the glued
laminations. The maximum stresses are approximately 2.5 times the applied
uniformtensilestressonthecrosssection.Asimilarstudy involvingglulamcross
sectionswith different annual ring patterns obtainedmaximum stresseswhich
werebetween2.5and4.4timestheapplieduniformtensilestress,dependingon
thegeometricalconfigurationof thecrosssection (AicherandDillͲLanger2005).
An analogous influence of the cross section configuration was also found in
curvedglulambeamswhichweresubjectedtoanopeningbendingmoment.

Fig.2Stressdistributionsinaglulamcrosssectionduetouniaxialtensileloadinginvertical
direction(AicherandDillͲLanger1997)
Inaddition,themechanicalpropertiesarealsoinfluencedbyothereffects,suchas
moisturecontent,durationof loading (DOL),andcrosssectionsize.The latter is
commonly referred toas “sizeeffect”or “volumeeffect”andmeans that large
beamstendtohavelowerstrengththansmallbeams.Generally,thisisexplained
by“Weibull’sweakest linktheory”,astochasticphenomenon,whichstates,that
theprobabilityofencounteringadefectabletocausefailureinabeamincreases
withanincreaseinthevolumeofthebeam.However,thissizeorvolumeeffectis
believed to also be caused by a deterministic phenomenon, namely by stress
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concentrations (Astrup et al. 2007). These stress concentrations, which cause
lowerstrength,arisefromthecylindricalorthotropicstructureofglulam.
2.4 Tensilestrengthperpendiculartograin
Glulam has a very low tensile strength perpendicular to grain, which is also
influenced by the different effects mentioned above. In the following, the
different effects will be discussed specifically with regard to tensile strength
perpendiculartograin,asthisproperty isrelevant forthepresentresearch.The
main observations and results from literature concerning tensile strength of
glulamperpendiculartograinwillbepresented.
EffectofMClevel:TensilestrengthincreaseswithdecreasinglevelofMC
Tensile tests performed on glulam specimens, which have been seasoned in
differentclimates,showacleareffectoftheMC level.ThehighertheMC inthe
glulam is, the lower is the corresponding tensile strength. Note, that in the
present section only specimenswith constantMC over the cross sections are
regarded.
ThefollowingresultsarefromJönssonandThelandersson(2003).Theyperformed
tensile tests perpendicular to grain on thin glulam specimens (W*H*L =
90*270*16mm3),whichwere seasoned in 40%, in 60%,or in 80%RHprior to
testing.Figure3showsthemeanultimatetensilestrengthofspecimensseasoned
in40%,60%and80%RHthatcorrespondtoequilibriumMCofapprox.9,11,and
16%, respectively. Itcanbenoticed that thestrength inadrystage (40%RH) is
60%higherthaninawetstage(80%RH).
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Fig.3Effectofmoisturecontentontensilestrengthperpendiculartograin(basedon
valuesfromJönssonandThelandersson(2003))
Durationofloadeffect:Tensilestrengthdecreasesunderlongtermloading
Timber or glulam experiences a significant loss of strength and stiffness under
longtermloading,whichiscommonlyreferredtoasdurationofload(DOL)effect.
DOL isgenerallyquantifiedbycomparing thestrengthofspecimensunder longͲ
termloadingandstandardshortͲtermtests.Thereby,differentspecimenshaveto
beused for these two tests,as the same specimencannotbebroken twice.To
minimize thiseffect,matched samplesareusually compared (Hoffmeyer2003).
The longͲterm tests are performed under constant or ramp loads until failure
occurs.Thestresslevelatfailure,whichistherelationbetweenthelongͲtermand
shortͲtermstress,denotestheDOLeffect:
Stresslevelatfailure:   VV   
long term
F DOL
short term
SL t k  (2)
DOL testsperformedon tension specimens (90and140mmwidth)andcurved
glulambeams(90and140mmwidth,4Ͳpointbendingtests)inconstantclimates
(65%and85%RH)showed,thatthetensilestrength isreducedunder longterm
loading (Aicheretal.1998;Gowdaetal.1998): Stress levelsat failure (kDOL)of
tensionspecimens(90and140mm)were0.70and0.75,whereastheywere0.77
and0.87inthecaseofcurvedbeams.Thus,thedurationofloadeffectappearsto
beslightlylesssevereincurvedbeams.Theassociatedtimestofailurewere22Ͳ24
daysinthecaseoftensionspecimensand4Ͳ14dayswithcurvedbeams.
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Sizeorvolumeeffect:Tensilestrengthincreaseswithdecreasingvolume
NumerousshortͲtermtensiletestsperformedonglulamspecimensandoncurved
glulambeams(testedunder4Ͳpointbending)inconstantclimatesreportedinthe
literature showa clear sizeorvolumeeffect:With increasing specimen size (or
volume)themeanultimatetensilestrengthdecreases.
Figure4showsthevolume(a)andtheheight(b)oftensionspecimensversusthe
meanultimatetensilestrength from threedifferent literaturesources (Aicheret
al. 1998; Blass and Schmid 2001; Astrup et al. 2007). In prismatic glulam
specimensunderuniaxial tensile loading theheightappears tobe thedominant
factorforthesizeeffect.

Fig.4Sizeeffectinglulamspecimensundertensileloading
Figure5ashowsthevolume(ofconstantmomentarea)ofcurvedglulambeams
versus themean shortͲterm tensile strength under 4Ͳpoint bending from two
different literaturesources(EhlbeckandKürth1992;Aicheretal.1998).Plotting
thestrengthversusthebeamheight(Fig.5b)revealsthatincurvedbeamsunder
bendingtheheight isnot theonly factorcontrollingthesizeeffect. Inparticular
thedatafromAicheretal.(1998)showsthatthewidthandthelengthratherthan
theheightaffectthemeasuredstrength.
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Fig.5Sizeeffectincurvedglulambeamsunder4Ͳpointbending
Thevolumeeffectcanbedescribedasfollows(adaptedfromtheexpressiongiven
inEurocode5(2004)):
0
, 0 ,
n
t V t V
V f f
V
§ ·   ¨ ¸© ¹ , (3) 
whereV0isareferencevolume(m3)havingstrength ft,V0. 
In the following, theexponentn for thevolumeeffectwascalculatedbasedon
themean tensile strengths from theglulam specimensdisplayed inFig.4a.The
reference volumewas set to 0.01m3, as suggested in Eurocode 5 (2004). The
resulting exponent was found to be 0.37 (Fig. 6a). Similarly, a height effect
exponentcanbecalculated. In thepresentcase, theexponentwas found tobe
0.4 for a reference height of 400mm. The volume effect exponent calculated
basedonmeanvaluesfromcurvedglulambeamsisabout0.28.Thisrelationship
isdisplayedinFig.6b.Thus,thisvolumeeffectisofaslightlylowersizeincurved
glulambeamsthanintensionspecimens.
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Fig.6Fittedexponentforthevolumeeffect
Effectofgeometricalconfiguration:
Tensile tests performed on glulam laminates or on thin slices of solid wood
(spruce,W*H*L = 45*180*70mm3), respectively, revealed that the results are
stronglyinfluencedbythemainannualringpattern(BlassandSchmid2001).The
largesttensilestrengthwasobtainedwhentheannualringswereorientedmainly
in radial direction.When the ringswere oriented under 45 degree, themean
strengthwas20% lower,and intangentialdirection,themeanstrengthwas30%
lower than in radial direction. However, when a pith was present within the
testedwoodslice,themeanstrengthwaseven60% lowerthantheone inradial
direction,independentoftheannualringorientationinthisslice.
The geometrical configuration also influences the failure behaviour.When the
pithispresentwithinthefailedlaminate,thecrackgenerallystartsatthepithand
evolvesradiallytotheedges.ThiswasobservedbothbyBlassandSchmid(2001)
inthecaseoftensiletestsonwoodslices,andbyJönsson(2005b) inthecaseof
tensile tests on glulam specimens.When the pith is absent, failure starts in
locationsofstressconcentrations. Jönssonobserved that failureoccurred in the
vicinityoftheglueline,wherestressconcentrationsarepresentduetodifferences
in theannual ringpatternbetween the laminates (compareFig.2).Similarly, in
the case of the glulam beams tested in 4Ͳpoint bending by Ehlbeck and Kürth
(1992),failurestartedatthelocationwiththehighesttensilestressandcontinued
alongthelaminate.Mostofthecracksappearedinorinthevicinityoftheglued
joint.Butas theseshowedwood fibreson thesurface, itwasassumed thatnot
thegluewasthecauseforfailurebutthechangeinwoodstructurebetweenthe
laminates.
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2.5 Fractureperpendiculartograin
Asmentionedabove,glulamorwood ingeneralhasavery low tensilestrength
perpendicular to grain, but also a low resistance to crack propagation. In
structuraldesign,effortsaremade toavoid tensionperpendicular tograin,as it
may lead to cracking,when the corresponding strength is exceeded.However,
such stresses cannot always be avoided, and several timber failures due to
fracture perpendicular to grain have occurred. In fact, according to different
failureanalysesoftimberstructures,tensionfailureperpendiculartograinisone
ofthemostcommonfailuremodes(FreseandBlass2007;Frühwaldetal.2007).
Avarietyofcausescanleadtotensilestressesperpendiculartograin(Gustafsson
2003). Firstly, certain geometrical shapes of the structuralmember can imply
tension perpendicular to grain upon loading of the structure (Fig. 7). Curved
glulam beams, for example, which are subjected to a moment exhibit radial
stresses. If themoment tries to “flatten” the beam the radial stresseswill be
tensile stresses (perpendicular to grain). Similarly, curved glulam beams under
vertical, downward loading exhibit tensile stresses perpendicular to the grain
within the curved part. Large holes in glulam or structural timber beams i.e.
suddenchangesinthecrosssection,impedetheflowofforces.Thisleadstolocal
tensile stresses near the holes upon loading. Notches in beam ends cause
concentrated tensile stresses,whichmay lead to cracking even at low external
loading.

Fig.7Structuralmembersexhibitingtensilestressesperpendiculartograin
(Gustafsson2003)
Eigenstresses are further causes for tension and thus fractureperpendicular to
grain.Adecreaseinmoisturecontentmaygiveeigenstressesduetothedifferent
shrinkage in the tangentialand the radialdirections.ThenonͲuniformmoisture
contentinastructuralmember,asaresultofseasonalclimatechanges,canlead
tohighcompressiveandtensilestressesperpendiculartograin,andthusproduce
crackingevenwithoutexternalload.Thiskindofeigenstresseswillbediscussedin
detailinthenextchapter.
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Also the nonͲhomogeneity of wood may induce high tensile stresses
perpendiculartograin(Fig.8).Theannualringpattern inaglulamcrosssection,
forexample,which isresponsibleforthe localvariationsofmaterialorientation,
may result in cracking when a glulam specimen is loaded in compression
perpendiculartograin.

Fig.8NonͲhomogeneityofwoodleadingtotensilestressesperpendiculartograin
(Gustafsson2003)
Thereareofcoursealsofurthercasesofperpendiculartograinfracture,suchas
inmechanicalandadhesive joints,butas thesearenot relevant in thepresent
context,theyareomitted.
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3.1 Introduction
Themoisture contentofglulammembers in service varieswithvarying climate
conditions of the surroundings. As moisture transport in timber or glulam is
relatively slow, largermembers generally exhibit nonuniformmoisture content
distributionsacross the cross section.Thesemoisturegradients lead to internal
stresses,whichareoftenreferredtoasmoisture inducedstresses:Thetimber in
the cross section cannot expand or shrink according to its actual moisture
content, as it is restrained by adjacent timber exhibiting different moisture
contents. In awetting case, for instance, themoisture content increases in the
outerpartsofthecrosssection,givingrisetoexpansion.However,theexpansion
movement is restrained by the inner parts of the cross section (having lower
moisturecontents).Inconsequenceoftherestraint,compressivestressesarisein
theouterparts,whereastensilestressesariseinthecentreofthecrosssection.In
adryingcase,theoppositeeffecttakesplace:Theouterpartsexhibitdecreasing
moisturecontents,givingrisetoshrinkage.Owingtotheinternalrestraint,tensile
stressesare created in theouterparts,and compressive stresses in the centre.
Duetothefact,thatnoexternalstressesarepresent,thecompressiveandtensile
stresseswithinthecrosssectionareselfͲbalancing.Themoistureinducedstresses
canbe tensilestresses inaperpendicular tograindirectionand thusmaycause
cracks in theglulammember.Due to the low crack resistance in thisdirection,
thesecracksmayevolveandcausefailureofthewholemember.Accordingtothe
correspondingstressdistributioninawettingcase,thesecrackswouldstartinthe
centreofthebeam,whiletheywouldstartonthesurfaceinthedryingcase.
Moisture induced stresses can be evaluated bymeans of experiments orwith
numericalsimulations.Atypicalcaseinpractice isalongglulambeam(withL>>
WandH)thatiscoveredonthetopside.Asclimatechangesareprimarilyinduced
from the lateral faces (e.g. rain,sun),moisture inducedstressesare in thiscase
generally assumed to result from a oneͲdimensional moisture transport
perpendiculartograin.
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3.2 Mechanosorption
Timber or glulam which is subjected to both stresses and varying climate
conditions exhibit additional deformations – an effect calledmechanosorption.
Thereby,thesestressescanbecausedbyanexternalloadorbyinternalstresses,
such as in the case of moisture induced stresses. Thus, wherever moisture
induced stresses are present, mechanosorption takes place. Since
mechanosorption is similar to pure creep, it is also referred to as mechanoͲ
sorptive creep. The difference is that pure creep is an effect of time, while
mechanosorptionisaneffectofvaryingmoisturecontents.
Theconsequencesofmechanosorptiondifferdependingonwhethertheeffectis
aresultof longitudinalstressesortransversestresses (suchasmoisture induced
stresses).Extensiveworkhasbeenperformedbydifferent researchers to study
the phenomenon of mechanosorption, e.g. (Grossman 1976; Hoffmeyer and
Davidson 1989; RantaͲMaunus 1975; Mårtensson and Thelandersson 1990;
Mårtensson 1994a, b). These studies were dealing mainly with longitudinal
bending stresses due to external load. Typically, the deflection of a beam
subjected to constant load and simultaneousmoisture variations ismonitored.
Initially,anelasticdeflectiontakesplace,which,ifmoisturecontentandloadare
constant,isfollowedbyapurecreepdeflection.Ifthemoisturecontentisvaried
instead,anincreaseddeflectionoccurs,asaresultofmechanosorption.Thismay
leadtoserviceabilityproblems.However,inthecaseoftransversestressesdueto
swelling and shrinkage, which is relevant for the present research,
mechanosorption isbeneficial,as theadditionaldeformationsenable relaxation
of internal stresses. An experimental study performed by Mårtensson and
Svensson (1997) concluded, that under restrained conditionsmechanosorption
significantly reduces the stress level. This conclusion can be confirmed by the
presentauthor,whofoundconsiderablemechanoͲsorptivecreepeffectsinglulam
specimens under moisture induced stresses (Angst and Malo 2012a). Further
experimental studies regardingmechanosorption perpendicular to grain found
a.o. that themechanoͲsorptive strain rate is larger during drying than during
wetting (Mårtensson and Svensson 1997), and that mechanosorption is very
similar in compression and tension (Svensson and Toratti 2002; RantaͲMaunus
1993). Generally, it was noticed, that mechanosorption is more significant in
directionsperpendiculartothegrainthaninlongitudinaldirection(RantaͲMaunus
1993).
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Based on experimental results regardingmechanosorption, constitutivemodels
havebeenformulatedtodescribetheresponseoftimberunderstressandvarying
moisture contents (see section 3.5). Such models are indispensable for the
simulationofmoistureinducedstresses.
3.3 Measurementofmoistureinducedstresses
For the measurement of moisture induced stresses the slicing technique is
commonly used (Angst andMalo 2012a; Jönsson 2004; Svensson and Toratti
2002). A specimenwhich is under an internal stress state is cut into slices to
releasetheinternalstresses.Thelengthofeachsliceismeasuredbeforeandafter
cutting.An increase in lengthaftercutting indicatescompressionstresses,anda
decreaseindicatestensilestresses.
The measurement procedure in detail is visualised in Fig. 9 (for the case of
wetting)andexplained in the following.Generally, theprocedure isverysimilar
amongdifferentexperimentalstudiesintheliteratureregardingmoistureinduced
stresses.The timberorglulam specimensarepreparedby seasoning them ina
certainclimateuntilahomogeneousmoisturecontentisobtainedthroughoutthe
crosssection.Then,top,bottom,frontandbackfacesofthespecimenaresealed,
beforebeingexposedtoaclimatechange(Fig.9a).Thesealingmakes itpossible
toobtainaoneͲdimensionalmoisture transportperpendicular to thegrain (only
the lateral faces are exposed). After a certain time of climate exposure, the
specimenexhibitsdifferentialdimensionalchanges(Fig.9b).Thespecimenisthen
cutintoslicesalongtheheight(Fig.9c),whilethereleaseddeformationsalongthe
height are measured. For the measurement of the released deformations
different equipments can be used. The deformations can, for example, be
measuredbytransducerspositionedagainsttheendofthespecimens(Svensson
and Toratti 2002) or by a contact free technique using either a digital camera
(JönssonandSvensson2004)oravideoextensometer (AngstandMalo2012a).
Thecontactfreetechniqueworksasfollows:Eachsliceinthespecimenismarked
withadotalongtheupperandlowerside.Beforeandaftercuttingthespecimen
intoslices,thecameraorthevideoextensometerrecordsthelocationofthedots.
The length between these dots is evaluated in both recordings, L0 and L1. The
meanreleasedstrainoverthemeasuredlengthcanthenbecalculatedaccording
to:
1 0
0
H  mean L LL  (4)
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Fig.9Experimentalprocedureforevaluationofmoistureinducedstresses(wettingcase)
Oncethereleaseddeformationsareknown,themoistureinducedstressescanbe
calculated.Themeanmoistureinducedstressescorrespondtothemeanreleased
deformationsmultipliedbythemodulusofelasticity,accordingto:
V H mean mean meanE  (5)
Thus,withexperiments,onlymeanmoisture induced stresses canbeobtained,
i.e.oneaveragevalueovertheheightforeachslice.Thisgivesanaveragestress
distribution across the cross section. The procedure explained above does not
permitthedeterminationoflocalstressesindifferentpointsinthecrosssection.
Theaccuracyofmoisture inducedstressesdeterminedbymeansofexperiments
dependsondifferentfactors.Ontheonehand,theaccuracyofthemeasurement
of the released deformations,which depends on the technique used, plays an
important role.On theotherhand,asapparent fromEq. (5), the selectionofa
correct modulus of elasticity (MOE), used for the calculation of stresses, is
essential. The value for theMOE can either be selected from the literature or
measured directly on the studied specimen. As literature values scatter
considerablyforthesametypeoftimberorglulam(compareTable4inAngstand
Malo(2010)),itispreferabletomeasurethemodulusofelasticityoneachsliceof
the specimen.Thenagain, theaccuracydependson the selectedprocedure for
measuring theMOE. Furthermore,material parameters such as theMOE are
highlyinfluencedbythegeometricalconfigurationofthespecimen,onwhichthe
parametersaremeasured(AngstandMalo2012a).Thismeansthattwodifferent
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specimens can give different MOE distributions and thus different stress
distributions.
3.4 Experimentalresults
In the literature, experimental results concerningmoisture induced stresses in
glulamarescarce.Themostknownandoftencitedstudyistheoneperformedby
Jönsson (2004). Jönssonmeasured theMCdistribution, the releasedstrainsand
modulusofelasticity inglulamspecimens (W*H*L=90*270*16mm3)subjected
tosingleandcyclicclimatechanges.Withtheobtainedresults,Jönssoncalculated
the average moisture induced stresses. The climate variations comprehended
wetting from40% to80%RH,drying from80% to40%RHandmoisturecycling
between40%and80%RH,startingat60%RH.Asimilarstudywasperformedby
thepresentauthor (AngstandMalo2012a), investigating theaveragemoisture
induced stresses in glulam specimens (W*H*L = 90*270*90mm3) subjected to
wetting from 50% to 90% RH and drying from 90% to 50% RH. The average
stresses after 12 and 21 days of climate exposure are displayed in
Fig.10,there“average”meansstressesaveragedoverspecimenheight.

Fig.10Averagemoistureinducedstressesafter12and21daysofa)wettingandb)drying
andcharacteristictensilestrength(0.5MPa)accordingtoprEN14080(2011).Thisfigureis
amodificationofFig.8inAngstandMalo(2012a)
Theconclusionsfrombothstudiesconcerningaveragestressesalongsliceswere
similar.Duringwetting(Fig.10a),thetensilestressesarising inthecentreofthe
specimenmayclearlyexceed0.5MPa,whichisthecharacteristictensilestrength
limit for glulam perpendicular to grain according to prEN 14080 (2011).
Furthermore, the tensile and compressive stresses are always larger during
wettingexposurescompared todryingexposures (Fig.10).Figure11 shows the
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absolutevalueof thestresses in thecentreandat theborderof thespecimens
duringwetting and drying (average over specimen height). The figure includes
resultsfromJönsson(2004),whicharethestressesafter3,11,and38dofclimate
exposure,and the results fromAngstandMalo (2012a),whichare the stresses
after5,12,21,and38dofexposure.Thefigureclearlyrevealsthatstressesare
largerduringwettingthancorrespondingstressesduringdrying.
TheresultsconcerningcyclicclimatechangesperformedbyJönsson(2004)andby
thepresentauthor(AppendixB)showthesameeffect:Afterawettingperiodthe
stressesaresignificantlylargerthanafteradryingperiod.Thereby,nocumulative
effectofrepeatedmoisturecyclingwasobserved.

Fig.11Absolutemoistureinducedstressesduringwettinganddryingina)thecentreand
b)attheborderofthespecimens(squares=wetting,circles=drying,black=Jönsson,
white=AngstandMalo)
Afurtherstudyinvestigatedmoistureinducedstressesinaglulamlaminateorina
boardofNorwayspruce(W*H*L=120*40*20mm3)(SvenssonandToratti2002).
In contrast to the previouslymentioned studies, the oneͲdimensionalmoisture
transport occurred not along the width, but in the direction of the height.
Accordingly, the specimenswere cutalong thewidthandnotalong theheight.
Thus, the moisture induced stresses were investigated mainly in tangential
directionafterwettingfrom40%to90%RHordryingfrom90%to40%RHduring
1, 14, and 43days.After 1d themaximum average stresseswere significantly
largerduringwetting(1MPa)thanduringdrying(0.5MPa),whichconformswell
withtheresults fromthepreviouslymentionedstudies. Inthepresentcase,the
specimenswere relatively small, especially in direction of the oneͲdimensional
moisture transport (40mm).Asa result, the stressesduringwettinganddrying
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werereversedalreadyafter14d.Interestingly,thereversedstresseswerelarger
duringdryingthanduringwetting.
3.5 Modellingofmoistureinducedstresses
Thecalculationofmoistureinducedstressesbymeansofnumericalsimulationsis
wellestablished.Thecommonlyappliedbasicmaterialmodelisbasedonastrain
rateformulation.Generally,thisformulationtakesonthefollowingform:
   İ İ İ İ İ    e s ms c  (6)
Thetotalstrainrateisthesumoftheelasticstrainrate, İe ,thelinearshrinkageͲ
swelling strain rate, İs , themechanoͲsorptive creep strain rate, İms , and the
creepstrainrate, İc .Thedotdenotesderivativewithrespecttotime.Themodel
is most often oneͲdimensional, but in recent years several threeͲdimensional
models have been applied, e.g. (Fortino et al. 2009; Gereke and Niemz 2010;
Ormarssonetal.1998).
Elasticstrain:
Thestrainrateiscommonlywrittenas:
 İ ı ı e C C  (7)
Here ı  is the stress vector and C  the compliance matrix, which, in matrix
notation,isasfollows:
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The characters, E, G, and Q, denote moduli of elasticity, shear moduli and
Poisson’s ratios, respectively.The indices,L,R,andTdenote longitudinal, radial
andtangentialdirection,respectively.
ThelastterminEq.(7)impliesthatthematerialparameters,whicharethemoduli
ofelasticityE,theshearmoduliGandPoisson’sratiosQ,arefunctionsofmoisture
content, and thus, time. Thus, the rate of the compliance matrix is needed.
However,measurementsofmoduliofelasticityEinglulamspecimenshaveshown
that in the rangeof climatevariationsoccurring inpractice, theeffectofMC is
negligible (AngstandMalo2012a). In thepresentwork,thesameassumption is
made for theeffectofMCon shearmoduliGandonPoisson’s ratiosQ. In this
case, the last term of Eq. (7) can be omitted and thus eİ  becomes the elastic
strain rate. For rather extreme climate variations, though, an effect ofMC on
modulus of elasticity could be observed, namely that themodulus of elasticity
increaseswithdecreasingMC(AppendixA).
LinearshrinkageͲswellingstrain:
The linear shrinkageͲswelling strain rate is derived from the hygroexpansion
coefficientvectorĮ andtherateofchangeofmoisturecontent u tobe
 İ Į s u  (9)
ThevectorĮ isdefinedas
> @0 0 0D D D Į TL R T  (10)
MechanoͲsorptivecreep:
Intheliterature,variousmodelshavebeenproposedformechanoͲsorptivecreep.
A review of thesemodels is given in Hanhijärvi (2000). The proposedmodels
includemainlyMaxwell type and Kelvin typemodels, whereby the latter are
usuallymoreadvancedcomprisingmoremodelparameters.However,ithasbeen
shown that for thepresentapplication,which ismodellingofmoisture induced
stresses in timber without external load, the type of selected model has a
relativelysmalleffect,whiletheselectionofcorrectmaterialparametersismuch
more important(AngstandMalo2010).Forthepresentresearch,themechanoͲ
sorptivecreepstrainmodel,proposeda.o.byOrmarsson(1999)isused:
  İ m ı ms u  (11) 
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Thematrixm isamechanosorptionpropertymatrixdefinedas:
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 (12)
where m are mechanosorption coefficients in the orthotropic directions and
planesandʅarecouplingcoefficients.
TimeͲdependentcreep:
Inthe literature,differentmodelscanbefoundtomodeltimeͲdependentcreep.
A very simple way to include creep effects is to reduce the elastic modulus
(MårtenssonandSvensson1997).However, theeffectof timeͲdependentcreep
at lowmoisturecontentsand temperatures isconsidered tobesmallcompared
with mechanoͲsorptive creep (Mårtensson and Svensson 1997; Toratti and
Svensson2000;Virtaetal.2006).Asaresult,thisterm isoftenneglected inthe
strainrateformulationpresentedinEq.(6)(Ormarssonetal.1998;Svenssonand
Toratti2002;Häglund2008;GerekeandNiemz2010).
Moisturetransport:
The strain rate formulation (Eq. 6)with its terms is a function of themoisture
contentchangewithin the timbercrosssection.Generally,amoisture transport
modelbasedonFick’ssecond lawofmassdiffusion isusedforthecalculationof
themoisture content,which, for the caseofoneͲdimensionaldiffusion, canbe
writteninthefollowingform:
w w w§ · ¨ ¸w w w© ¹
u uD
t x x
 (13) 
Forsimplicityreasons,thediffusioncoefficientDcanbeassumedtobeequal in
radialandtangentialdirection (Koponen1983;RosenkildeandArfvidsson1997),
thus resulting in one value for the cross grain direction. The moisture flow
throughthetimbersurfaceisexpressedwiththefollowingequation:
  w§ ·  ¨ ¸w© ¹ eq surfuD S u u tx  (14) 
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The surface emission coefficient S takes into account the moisture transfer
resistance at the surface,where themoisture flow is driven by the difference
between the actual surface moisture content  surfu t  and the equilibrium
moisturecontent equ ,i.e.themoisturecontentreachedatt=ьunderexposure
toacertainRH.
3.6 Numericalresults
Thebasicmaterialmodel(Eq.6)presentedabovehasbeenusedinawiderange
of applications by different researchers. It has, among others, been used to
predictcheckingduringtimberdrying(Salin1992),tostudytheshapestabilityof
timber(Ormarssonetal.1998),ortomodeltangentialswellingstressesinspruce
(Virtaetal.2006).
Inthefollowing,resultsfromtheliteratureconcerningmoistureinducedstresses
inglulam,obtainedbymeansofnumericalsimulations,arepresented.Although
themodel formulation and theprocedure are very similar among thedifferent
studies, the objectives differ. In some studies absolute stress values are
prospected,whereasthe influenceofvariousparameters is investigated inother
studies. In the following, the resultswillbe grouped according to their specific
objectives.Pleasenotethatonlyresultsconcerningmoisture inducedstresses in
glulam without external load are considered. The presence of an additional
externalloadisdiscussedinalaterchapter.
Effectofnaturalclimatevariations:
A study dealing with glulam beams (W*H = 90*270 mm2), has shown that
calculatedmoistureinducedstressesusingnaturallyvaryingindoorRH(calculated
frommeasuredoutdoorRH)atdifferentlocationsinSwedenduringseveralyears
arealmostindependentofthelocation(Häglund2008).Themoisturevariationsat
thedifferentlocationsinducedsimilarstresslevels.Furthermore,asexpected,the
stressvariabilityintimewasfoundtobelargernearthesurfaceofthebeamthan
in the centreof thebeam. In the centreof thebeam large tensile stressesdid
arise,whichwere around 1MPa, thus significantly above 0.5MPa (being the
characteristic tensile strength according to prEN 14080 (2011)). These tensile
stresses did arise during summer. The climate variations over all the seasons
corresponded toavariationof the relativehumiditybetween40%and90%RH.
NeglectingthesmallRHfrequenciesintime,themainRHvariationexhibitedlong
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moisturecyclesofhalfayearbetween90%and40%RHandhalfayearbetween
40%and90%RH.
Effectofmaterialandmodelparameters:
Variationofdifferentinputparameterssignificantlyaffectstheresultingmoisture
induced stresses perpendicular to grain. The calculation of internal stresses by
means of a numerical model, thereby varying the level of individual input
parametersprovides informationabouttherelativeeffectofasingleparameter.
One of the strongest effects arises from themass transfer coefficient, which
governs the moisture transfer at the surface of the glulam. By lowering this
coefficient through, for example, surface coating of the beam, stresses can
significantlybereduced(Häglund2010).Otherconsiderableeffectsarisefromthe
material parameters, whereby the influence of different hygroexpansion
coefficients is stronger than that of differentMOE’s (Häglund 2010;Angst and
Malo 2010). The selection of a certainmechanosorptionmodel aswell as the
magnitudeofthemechanosorptioncoefficients,however,werefoundtobe less
important with regard to moisture induced stresses perpendicular to grain
withoutexternalload(Häglund2010;AngstandMalo2010).
Thesefindingssuggestthatwhencalculatingmoistureinducedstressesbymeans
ofanumericalmodel theemphasis shouldbeputon selecting correctmaterial
parameters,duetotheirstrongeffectontheresults.Asthematerialparameters
proposed inthe literaturescatterwidelyforthesamematerial,measurementof
allrelevantparametersonthesamebatchofmaterialisrecommendedinorderto
obtainreliableresults.Moreover,themechanosorptionmodelparameters,which
cannotor canonlyhardlybemeasured,mayonlybeproperly calibrated,when
thematerialparametersareknownfortheactualcase.Forperformingsensitivity
analyses,however,literaturedataareuseful.
Effectofgeometricalconfiguration:
Thegeometricalconfigurationofaglulamspecimen,which isthedistributionof
thepithlocationsamongthelaminates,significantlyinfluencesthestresses.Ithas
a strong effect particularly on the localmoisture induced stresses in the cross
section, but also on the average stresses. In the vicinity of a pith, large local
stressesarise,andwhenapith ispresentwithina laminate,also largeaverage
stressesareinduced(AngstandMalo2010,2011;Gowdaetal.1998).Anumerical
studyby thepresent author investigated the effectof24different geometrical
configurations (manually recorded on glulam specimens) onmoisture induced
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stresses(AngstandMalo2011).Theratiooflocalandaveragestresseswasfound
tobe intherange2Ͳ7,dependingonthegeometricalconfiguration, inparticular
thepresenceorabsenceofpithswithin the laminates,butalso the locationof
pithswithinthecrosssection.Thestudiedwettingexposure(wettingfrom50to
90%RH)resultedin localtensilestresses,whichexceededthetensilestrengthof
thematerial,andconsequentlycould leadtosmallcracks inthecrosssection. It
was concluded, that configurations containing piths were more vulnerable to
crackformationcomparedtopithͲfreecrosssections.
Effectofcrosssectionwidth:
A numerical study performed by the present author (Angst and Malo 2011)
investigated the effect of different glulam cross sectionwidths (W = 90, 140,
215mm)onmoisture inducedstresses.Theaveragestresseswerecalculatedfor
5, 12, 21, and 38 d of wetting from 50 to 90% RH. In addition, also the
developmentover timeofaveragestresses (overcrosssectionheight)and local
stresses(inselectedpointswhereduetothegeometricalconfigurationhighlocal
stressesarise)werecomputed.Theresultsshowedthatthewideracrosssection
was,thelongerittookuntillargestressesarose,duetothefactsthatthearising
tensileforceisdistributedoveralargerinternalpartofthecrosssectionandthat
more time is needed until the cross section centre is affected by amoisture
contentchange.Ontheotherhand,however,thelargestresseswerepresentfor
a longer period of time compared to smaller cross sections (because large
moisturegradientsaremaintainedlonger).Thehighestaverageandlocalstresses
wereattained inthe140mmwidecrosssection,followedbythe90mm(8Ͳ12%
lower),andthe215mmwidecrosssection(14Ͳ15%lower).Itwasconcluded,that
wider cross sectionsareonlyprone to crackingwhen longwetting cycles (>20
days)occur.
3.7 Summary
Moisture induced stresses can be determinedwith experiments and numerical
simulations.Whileonlyaveragestresses (averageovercrosssectionheight)can
beobtainedbymeansofexperiments,numericalsimulations,ontheotherhand,
makeitpossibletoalsoevaluatelocalstresseswithinthecrosssection.Inthecase
ofexperiments,theaccuracyoftheobtainedstressesdependsontheaccuracyof
the measured parameters. In the case of numerical simulations, different
parameterstudieshaveshownthatcalculatedresultsarestronglyaffectedbythe
selectedmaterialparameters andby theused geometrical configurationof the
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specimen. Thus, the accuracy of numerical results depends on the selection of
correct parameters and configurations. Different investigations regarding
moisture induced stresses in glulam under realistic climatic conditions have
shown that significant tensile stresses develop, whichmay clearly exceed the
characteristic tensile strength of glulam. Thus, cracks might be induced even
withoutexternal loading.Furthermore, itwasfoundthat largerstressesdevelop
duringwettingthanduringdrying.
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4.1 Introduction
Often, internalstresses,suchasmoisture inducedstresses,occur incombination
with stresses from external loads. This is, for example, the case in structurally
loaded members which exhibit tension perpendicular to grain due to their
geometricalshapeandwhichareatthesametimesubjectedtoclimatechanges.
As previously presented (section 2.5), such members include curved glulam
beams, beams with large holes and endͲnotched beams. Superposition of
different stresses may lead to very nonͲuniform stress distributions with
unfavourable stress concentrations. It can also result in large tensile stresses
perpendiculartograin,whichmightexceedthe lowtensilestrengthofglulam in
thisdirectionand leadtocracking.Whenthesecracksevolve inthe longitudinal
direction, failure of the beammight occur and in extreme cases even lead to
failureofthewholestructure.
4.2 Superpositionofstressesinglulam
The stress distribution in a glulam beam or specimen exhibiting internal and
externalstresses isacombinationof thenonͲuniform internalstress  V i x and
thenonͲuniformstress  V e x imposedbytheexternalloading.ThelatterisnonͲ
uniform, because themodulus of elasticity in loading direction varies over the
crosssectionwidth(x)oftheglulambeamorspecimen.Themodulusofelasticity
isabouttwotothreetimes larger inthecentralpartofthecrosssectionthan in
the outer parts due to the annual ring orientation of the laminates, with
predominant radial directions in the central part. The combined stress can be
expressedasfollows(JönssonandThelandersson2003):
Combinedstress:          V V V V   uc e i iE xFx x x xA E , (15)
where uF  is theexternal load,  E x  thevaryingmodulusofelasticityover the
cross section width, and E  the averagemodulus of elasticity over the cross
section.
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Wetting:
In awetting case, the superposition of internalmoisture induced stresses and
external stresses from tensile loading results in an unfavourable stress
distributionwithlargetensilestressesinthecrosssectioncentre:Asdiscussedin
chapter 3, the internal stresses exhibit tensile stresses in the centre and
compressive stresses at the border. The distribution of the external stresses
dependsdirectlyon thevariationof themodulusofelasticity (compareEq.15)
and as the latter increases towards the cross section centre, the distribution
exhibitsasimilarshapeasthe internalstresses.Asaresult,thecombinedstress
takesonadistributionasschematicallyshown inFig.12a.Thefindingsfromthe
experimentalstudyperformedbythepresentauthor(AngstandMalo2012a)and
Eq.(15)weretakenasabasisfordrawingFig.12.

Fig.12Superpositionofstressesoverthecrosssectionwidth,schematicallyshown
fora)wettingandb)drying
Drying:
In a drying case, the superposition of stresses leads to amore uniform stress
distribution.Asshowninchapter3,theinternalmoistureinducedstressesexhibit
compressivestressesinthecentreandtensilestressesattheborderofthecross
section.Theexternalstressesresultingfromtensileloadingexhibitinprinciplethe
samedistributionasinthewettingcase:Thestressdistributionisdirectlyrelated
tothevariationoftheMOEacrossthecrosssectionwidthandexhibitsthusthe
opposite shape as the internal stresses.When both stresses are combined, a
distributionasschematicallyshowninFig.12bisobtained.


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Parametersaffectingthecombinedstressdistribution:
Thedistributionsfromthesuperpositionofstressespresentedabove(Fig.12)are
especiallytrueforglulamspecimens,exhibitingtypicalcrosssectionswithannual
ringpatternsasshown inFig.1.Incrosssections,builtupwith laminateshaving
flatannual rings, forexample, theMOEvariationacross thecrosssectionwidth
would be more uniform. This would result in more uniform external stress
distributions and consequently in a more favourable superposed stress
distributioninthewettingcase.
4.3 Experimentalresults
Tensilestrengthperpendiculartograin:
The internalstressstate inaglulambeamoraspecimen,as for instancearising
frommoisture inducedstresses,willaffect the tensilestrengthperpendicular to
grainthatremainstotakeupexternallycausedstresses.Incases,wheremoisture
induced stressesarevery large, the residual tensile strengthof theglulammay
accordinglybeverylow.Theinternalstresseswillnotonlyaffectthestrengthbut
alsothefailurebehaviourofthebeam.
An experimental study performed by Jönsson and Thelandersson (2003)
investigated the (residual) tensile strength perpendicular to grain of glulam
specimens, having internal stresses. Thin glulam specimens (W*H*L =
90*270*16mm3)weresubjectedtodifferentclimatehistories,tocreate internal
moistureinducedstresses,beforeperformingtensiletestsperpendiculartograin.
Theclimatehistories involveda longwettingcycle from40% to80%RH,a long
dryingcyclefrom80%to40%RH,andshortwettingͲdryingcycles(7daysinterval)
between80%and40%RH,startingat60%RH.
Theresultsshowed,that, inthewettingcase,thetensilestrengthperpendicular
to grainwas significantly lower than the strength of corresponding specimens
seasoned inhighhumidity.After5daysofwetting themeanultimate strength
startedtobelowerthanthestrengthofspecimensseasonedin80%RH.After24
daysofwetting the strengthwas lowest,being30% lower than the strength in
80%RH.
However, for the drying case, the results showed that the tensile strength
perpendicular tograinwasbarelyaffected, i.e. itwasofa similarmagnitudeas
thestrengthofspecimensseasonedinlowhumidity.
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Theresultsfromspecimenssubjectedtomoisturecycling,revealedthefollowing:
If the specimenwas in awetting phase at test time, it behaved similar to the
wettingcase,and ifthespecimenwas inadryingphaseattesttime, itbehaved
similartothedryingcase.Thereby,thenumberofthecycleswasnotsignificant.
Thestrengthofcyclingspecimensinawettingphaseattesttimewas11%lower
thanspecimensseasonedin60%RH,whereasspecimensinadryingphaseattest
timeexhibited11%higherstrengththanspecimensseasonedin60%RH.
The failure behaviour of the glulam specimens during testing, observed by
Jönsson and Thelandersson (2003), is in accordancewith the combined stress
distributionatfailure,showninFig.13:Inthewettingcase,crackingstartedinthe
centre(duetothelargecombinedtensilestressofaround2MPathere)andgrew
untilfinalfailure(nonbrittle).Inthedryingcase,theultimatefailurestartedwith
acrackattheborderofthespecimenleadingtobrittlefailure.Thereasonforthe
crackstartingattheborderwasbelievedtobeduetotheannualringorientation
of the glulam. At the border of the cross section glulam consists mainly of
tangentialwood,whichhas lower strength properties than radialwood (in the
crosssectioncentre)(Dahl2009).

Fig.13Superpositionofstressesatfailureafter5daysofa)wettingandb)drying(Jönsson
andThelandersson2003)
Anotherexperimentalstudyinvolvedcurvedglulambeams(W=140mm),which
weresubjectedtocyclichumidity(between55%and90%RH),beforetestingthe
shortͲterm tension strength perpendicular to grain by a 4Ͳpoint bending test
(Gowda et al. 1998). The study showed similar results as the ones presented
above:Themaximumtensilestrengthofbeamsinawettingphasewas12%lower
thanthetensilestrengthofbeamsseasonedinhighhumidity(85%RH).

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Bendingstrength:
Thebendingstrengthofcurvedglulambeamsappearstobesimilarlyaffectedby
internalmoisturegradients.Jönsson(2005a)performedbendingtestsoncurved
glulam beams (W*H = 90*280mm2),which had previously been subjected to
wettingfrom40%to80%RHordryingfrom80%to40%RH.Inthewettingcase,
thebending strengthwas reducedascomparedwithbeamsexhibitingconstant
moisturecontents,i.e.beingfreefrominternalstresses:After11daysofwetting
exposurethebendingstrengthwasfoundtobelowest,being40%lowerthanthe
bendingstrengthofcorrespondingbeamsseasonedin80%RH.Inthedryingcase,
thebendingstrengthwasfoundtobeslightlyhigherthanthebendingstrengthof
correspondingbeamsseasonedin40%RH.
Another study investigated the bending strength of curved glulam beams
(W=140mm),whichhadbeensubjected tocyclichumidity (between55%and
90%RH)beforebeing tested inawettingphase (Gowdaetal.1998).Thestudy
showed similar results, although less pronounced. The bending strength was
found to be 10% lower than the one of beams seasoned in high humidity
(85%RH).
Durationofload:
Generally, duration of load effect is accelerated under simultaneousmoisture
changesandmechanicalloading.
Experimental studies have been performed to investigate the DOL effects of
glulamundervaryingclimatechanges(Gowdaetal.1998;Aicheretal.1998).DOL
effects in tension perpendicular to grain were investigated with prismatic
specimens and curved beams. The prismatic glulam specimens (W*H*L =
90*400*275mm3 andW*H*L=140*528*405mm3)were subjected to an axial
tensile forceperpendicular tograinduringDOL test,whereas thecurvedglulam
beams(W=90and140mm)wereloadedin4Ͳpointbending,bothwithstepwise
increasingloads.Duringtesting,theclimatewasvariedbetween55%and90%RH
withcycle lengthsof28days.Theresultsshowedthatthestress levelsatfailure
wereconsiderablylowerundercyclicexposurethaninconstantclimate(85%RH),
namely by ca. 35% in the axially loaded tension specimens and by ca. 30%
(W=90mm)and13%(W=140mm)inthetestswithcurvedbeams,respectively.
Themeanstresslevelsatfailure(kDOL)were0.45and0.50inthecaseofsmalland
large tension specimens, and 0.60 and 0.66 in the case of curved beams. The
associatedmean times to failure ranged from15 to28days.As themajorDOL
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effect results from the climate variations, thewider cross sections (140mm),
whichare lessaffectedbyclimate changes, showed10% less severeDOLeffect
compared to the smaller cross sections (90 mm). The failure of the beams
occurred almost always when the climate was at a high RHͲlevel (75% and
90%RH).Tensilestressesperpendiculartograinwerefoundtobehighest inthe
centreof thecrosssection (comparesection4.2),andasa result, failureof the
beamstookplacewiththeappearanceofasinglemajorcrackinthecentreofthe
beams.
Otherspecimensweresubjectedtonaturallyvaryingclimateinshelteredoutdoor
conditions insteadofthecyclicclimatechangesmentionedabove.Inthiscase, it
could be observed that the majority of the samples also failed during moist
weather conditions. The studies concluded that the increased DOL effect in
variable climate results from the superͲimposed eigenstresses caused by the
transientmoisturegradients.
4.4 Numericalresults
Different numerical studies have investigated how the tensile stresses
perpendicular to grain in glulam are affected by simultaneous external and
internalloading.Theinternalstresses,whichresultfromvaryingclimatechanges,
haveshowntocausesignificantadditionaltensilestresses.
Zhou et al. (2009) investigated a simply supported glulam beam (W = 90mm)
undernormalserviceloadandclimaticvariations.Whilethestressperpendicular
tograininducedbytheserviceloadalonewas0.3MPa,thestressinducedbyload
anddailyMCvariationsbetween11and13%MCwas2.2MPa.These stresses
correspondedtomaximumlocalstressesonthesurfaceofthebeam.Thismeans
that, in this case, themain contribution to the stresses perpendicular to grain
resulted from theclimatechangesof the surroundings.Due to the large tensile
stresses, there is ahigh risk for the glulambeam to crack. It shouldbenoted,
however,thatonlyveryshortmoisturecycleswereappliedandthusthemoisture
contentvariedonlyatthesurfaceofthebeam,wherebythelargetensilestresses
aroseduringdrying.
Anotherstudyinvestigatedaglulamcrosssection(W*H=90*396mm2)subjected
to an externally applied tensile stress perpendicular to grain of 0.2MPa and
climate variations between 50 and 90% RH (Aicher and DillͲLanger 1997). The
cycles which lasted 4 weeks yielded considerably higher stresses than cycles
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lasting only 2 weeks. Generally, the stresses after wetting periods were
significantly larger than after drying periods, which conforms well with other
studies(AngstandMalo2012a;Jönsson2004).Themaximumstressesinthecross
sectioncentreresultingfromclimatevariationsandexternal loadingwereabout
1MPa,whiletheywereabout0.7MPaattheborder.Thecalculationofafictive
constant stress (Weibull stress)actingon thewholecross sectionwidthyielded
stressesvaryingbetween0.2and0.65MPa,wherebythelargerstressesoccurred
afterwettingperiods.
4.5 Summary
Thesuperpositionofinternalandexternalstressestakesonaverydifferentform
dependingoniftheinternalstressesaretheresultofwettingordryingexposure.
Inthecaseofwetting,thecombinationofstresses leadstohightensilestresses
perpendiculartograininthecrosssectioncentre.Inthedryingcase,however,the
combination of stresses results in amore uniform stress distribution over the
crosssection.Asaconsequence,theremainingtensilestrengthisreduced,ifthe
glulambeamorspecimen is inawettingphase,whereas it isbarelyaffected, if
theglulambeamorspecimen is inadryingphase.Thereby, itappearsnottobe
important if thewettingordryingphaseresults fromasingleoracyclicclimate
change. Itcanthusbeconcluded,thatwetting isworsethandryingwithrespect
tothesuperpositionofstressesandtheremainingstrengthofthebeam.
In a similarmanner, theDOL effect of glulam specimens and curved beams is
affected in a varying climate. The stress levels at failure are up to 35% lower
comparedtotheonesinconstantclimates.
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5.1 Introduction
Asdiscussedintheprevioussections,exposuretomoisturevariationscanleadto
significantstressesperpendiculartograinintimberstructuresandinparticularin
combinationwithexternalloadsgiverisetocrackingorevenproblemsregarding
structural safety. Thus, the question arises in what way to considermoisture
induced stresses indesign calculations.Atpresent (in European standards, e.g.
Eurocode5(2004)),moistureconditionsareconsideredtogetherwithdurationof
loadeffectsasastrength reducing factor,kmod.Thestandarddefines5different
loadͲduration classes and 3 different service classes (characterised by different
climaticconditions).ForeachcombinationofaloadͲdurationandaserviceclass,a
valueforkmodisproposed,thatmayrangefrom0.5to1.1.ThedesignvalueXdofa
strengthpropertycanthenbecalculatedaccordingtoEurocode5(2004):
mod
k
d
M
XX k
y
 , (16)
whereXkisthecharacteristicvalueofthestrengthproperty,and My isthepartial
factorforthematerialproperty.
Inthefollowing,differentmeasureswithrespecttomoistureinducedstressesare
presentedanddiscussed.
5.2 Moistureinducedstressesasanadditionalload
Anapproach,which issuggestedbyseveral researchers, is toconsidermoisture
inducedstressesasaloadcaseinsteadofastrengthreducingfactor(Gowdaetal.
1998;RantaͲMaunus 2003, 2001). Thus, the load causedbymoisture gradients
wouldbeaddedtootherloads,suchaspermanent(e.g.weightorstructureitself)
anddynamic(snow,wind,etc.)structuralloads.Thesecalculationswouldhaveto
bedonewhentimberisloadedintensionperpendiculartograin.Inasimilarway,
moisture inducedstresseswouldhavetobeaddedtomechanicalstresses inthe
designofcurvedbeams,forexample.However,thequestionarisesifthestresses
are in fact additive. According to RantaͲMaunus (2003, 2001), the errormade
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when stress components are added could be tolerated, as the analysis of all
effects simultaneouslywouldbehighlydifficult toperform in structuraldesign.
RantaͲMaunusproposedasimpleapproach toconsidermoisture induced loads,
by giving values formoisture stresses in design codes. These valueswould be
basedonexperimentalandcalculated results,wherea roughestimatecouldbe
0.25MPa for uncoated and 0.1MPa for coated beams. These values could be
reduced by a load combination factor,ʗ,when combinedwith other stresses;
however, theexactvalueof this factor isnotclear.Generally, loadcombination
factorsaccount for thehighlyunlikelyevent that theextremevaluesof several
variableloadscoincideatthesametime.
Häglund andCarlsson (2010) suggested a load combination factor formoisture
induced stresses (MiS),whenMiSand snow loadwerecombined,with snowas
theleadingload.BasedondailymeasuredsnowdepthsandcalculatedMiSatfour
different locations in Sweden, a load combination factor of 0.2 for MiS was
calculated.
Another study performed by Häglund and Carlsson (2008) dealtwith extreme
valueanalysisofmoisture inducedstresses.Inaccordancewithbuildingcodes,a
designvalueforthemoistureinducedstresswascalculatedasthe98thpercentile
ofitsannualmaximumdistribution(obtainedbyfittingextremevaluesagainstthe
GEVdistribution). The calculationwasperformed for a glulambeamof90mm
width using indoor relative humidity conditions in Stockholm (which were
determinedfromrecordedoutdoorclimatedata).The98thpercentileofmaximum
annualsurfacestresswasfoundtobe1.05MPa.
RantaͲMaunus (2001) calculated moisture loads in uncoated glulam beams
depending on climate variationwhen acting simultaneouslywith amechanical
loadof0.2(0.5)MPabymeansofaneffectiveWeibullstress.Themoistureloads
werefoundtocorrespondtothefollowingextraloads:0.16to0.25(0.23to0.31)
MPa (cyclicvariationbetween55and90%RH),0.15 (0.21)MPa (cyclicvariation
between40and85%RH),0.2 to0.21 (0.23 to0.25)MPa (singleclimatechange
from76to90%RH),0.32to0.35(0.37to0.4)MPa(singleclimatechangefrom65
to90%RH).Itwasconcluded,thatsinglefastclimatechangesweremoresevere
thanthetestcyclesanalysed.
AsimilarstudywasperformedbyAicherandDillͲLanger(1997).Theresearchers
found thatclimatevariationsbetween50%and90%RHcauseadditional tensile
stress levelsup to0.32 to0.52MPawhen acting simultaneouslywith a tensile
stressof0.2MPa.
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However,thelatterstudyaswellasotherstudiesinvestigatingmoisturegradients
in glulam (Angst andMalo 2012a; Jönsson 2004; Angst andMalo 2011) have
shown that moisture induced stresses can easily be in the range of the
characteristic tensile strength perpendicular to grain of glulam. Thus, these
stressesmight inprinciplebe treated as an additional load.Consideringdesign
calculationsaccordingtotheEuropeanstandardforacasewithbothexternaland
moisture loads, itwillhoweverbehard to fulfill the requirements for the limit
state(asthecharacteristicstrengthisalreadyreachedbythemoistureload).
5.3 Coatingofglulambeams
Apossibility to avoidor to limitmoisture gradients and thusmoisture induced
stresses is to apply a coating on the surface of the beamwhich is exposed to
weatherconditions.
Generally,glulamcanbesurfaceͲtreatedusingthesameproductsandmethodsas
ordinarytimber.Inordertoprotectoutdoorstructuresofglulamortimber,which
are subjected to large moisture content variations, surface finishes can be
applied.Theseprotectthesurfacesfromweatheringandaffecttherateatwhich
absorptionanddesorptionoccur.Toensuredurability,surface treatmenthas to
bemaintained,wherebythemaintenance intervalsdependontheplacingofthe
structureandthetypeofsurfacetreatment(Glulamhandbook2003).
The surface finishes used for outdoor timber can be divided into two groups:
Penetrating and filmͲforming finishes, whereby the latter are generally more
durable. Penetrating finishes can penetrate the wood cell walls. They include
transparent or colored waterͲrepellent preservatives (WRPs), oilͲbased
semitransparentstainsandoilsthatdonotformafilm(paraffinoil).Mostoften,
theseareappliedbybrush.The filmͲforming finishes, rankedaccording to their
effectiveness(fromleasttomost),includevarnish,waterbornelatexstains(acrylic
polymers), andpaints (solventͲborne alkyds,waterborne latex).Paints are filmͲ
formingcoatingsgivingthemostprotectionagainstweathering,bya.o.retarding
penetrationofmoisture.The filmͲforming finishesareusuallyappliedbybrush,
sprayerorroller(SamWilliams2010).
Surface finishesprovideprotectionagainstweathering,but theydonotprevent
decayagainst fungalattacks, forexample.For certain structural componentsor
for certain exposures additional protection may be required. In such cases,
chemicalpreservativesorsurface finishescombinedwithchemicalpreservatives
can be applied.Wood preservatives can be divided into two groups: OilͲtype
Moistureinducedstressesinglulam
39

preservatives (e.g. creosote, pentachlorophenol), andwaterborne preservatives
(e.g.ACC,ACZA,CCA,Boron),whereby the lattercanbecombinedwithsurface
treatments. The oilͲtype preservatives, which are applied without surface
treatment, provide a.o. protection from weathering. Creosote and
pentachlorophenol solutions are well suited for outdoor structures, but, for
reasons ofworkers’ safety, need to be usedwith great care. Generally,wood
preservativescanbeappliedbypressureͲtreatment,whichismoreeffective,orby
nonͲpressureprocesses.Inbothcases,studieshaveshownthatsmallamountsof
preservativecomponentsarereleasedintotheenvironment(Lebow2010).
Studiesdealingwithcoatingoftimber inthe literaturemainlycomparedifferent
surface treatment systemswith respect to theireffecton theaveragemoisture
content of the wood. However, studies investigating the effect of coating on
moistureinducedstressesarescarce.
Comparisonofdifferentsurfacetreatments
Oneexperimentalstudyinvestigatedtheeffectivenessoffoursurfacetreatments
during 2 years of weathering (Roux et al. 1988). The treatments included:
impregnating stain, filmͲforming stain, pigmented acrylic latex paint, and
pigmentedalkydpaint.Thelattertwotreatmentswerefoundtobemostdurable
as theyweremostly intactafter2yearsofweathering,whereas the treatments
with stains started to show damages after 9 months. In addition, also the
moistureexchangedampingefficiencywasdetermined.Thisfactor,being0%for
uncoatedwood,washighest(77%)foralkydpaint,andbetween37and47%for
the other treatments. This factor was higher in the beginning, but decreased
rapidlyasthesurfacefinishes(stains)startedtodevelopcracks.
Another study investigated a solventͲborne alkyd coating and twowaterborne
acryliccoatingswithdifferent layer thickness (2and4 layers)appliedondefectͲ
freespruce(deMeijerandMilitz2000).Thesampleswereexposedtoliquidwater
andtheaveragemoisturecontentovertimewasmeasured.After1700hoursthe
uncoated sampleexhibited the largest increase inmoisturecontent (20–30%),
followedbythetwowaterborneacryliccoatings(17Ͳ23%),andthesolventͲborne
coating(15–18%).Thestudyalsoinvestigatedthediffusionpropertiesincoated
and uncoated samples and concluded thatmoisture content profiles in coated
wood could best be modelled by adapting the moisture flux at the surface
accordingtothecoatingandusingthediffusioncoefficientofuncoatedwood.
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Further studies comparing the effect of different paint systems, however
generally inothercontexts,canbe found inthe literaturereviewbyFredriksson
(2010).
Effectofcoatingonmoistureinducedstresses
AnumericalstudyperformedbyHäglund (2010) investigated theeffectofpaint
on themoisture induced tensile stress of glulam subjected to outdoor climate
variations.Theeffectof thepaintwas taken intoaccountby reducing themass
transfercoefficient(surfaceemissioncoefficient):Guidelinevaluesforthewater
vapourresistanceforpaint(alkydpaintandacrylicplastic)weretakenasabasis
andconvertedtoamasstransfercoefficient(here1/50ofthevalueforuncoated
glulam). The results of the parametric study showed that the mass transfer
coefficienthada significanteffecton stresses,and–asexpected–by lowering
thiscoefficient,thestresslevelscouldbeconsiderablyreduced.
Anothernumericalstudy (Fragiacomoetal.2011) investigated theeffectiveness
ofdifferentcoatings;alkydoilpaint,PVClacquer,andvinylpaint.Again,theeffect
of the coatings was taken into account by reducing the surface emission
coefficient.Themaximum tensile stressesperpendicular tograinand theyearly
variationsofaveragemoisturecontent(inadepthof10mm)werecalculatedfor
glulam cross sections exposed to different European climates during 1 and 10
years.TheMCvariationswerefoundtobelargestinuncoatedglulam,followedby
alkydoilpaintedglulam(51%lower),PVClacqueredglulam(93%lower),andvinyl
paintedglulam(99%lower).Themaximumstressinalkydoilpaintedglulamwas
13–16%and inPVC lacqueredglulam<0.1%ofthestressvaluecalculatedfor
uncoated glulam. Thus, it was concluded that the application of a protective
coatingwasaneffectivemeasure to reducemoisturevariationsand, therefore,
moisture induced stresses and cracking.However, the stress level in uncoated
glulamseemsveryhigh(between4and6.7MPa)comparedtotheresultsofother
studies.Alsoonlystressesat thesurfaceorclose to thesurfacewere regarded,
and large tensile stresses in the centre of the cross section, which especially
developduringwetting,werenotconsidered.Furthermore, it isnotclear,where
thesurfaceemissioncoefficientsforthedifferentcoatingsweretakenfromasno
referencesweregiveninthepaper.
An experimental study dealing with duration of load effects in curved glulam
beams, investigated a.o. the effect of surface treatment with alkyd paint on
glulambeamssubjected tocyclicRHvariationsbetween40and85%RH (RantaͲ
Maunus1998).Theresultsshowedthatinpaintedbeams,theDOLeffectresulted
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almostonlyfromthewoodmaterialgettingweakerduetoaccumulatingdamage,
thusbeingsimilartotheDOLeffectofuncoatedbeamssubjectedtoconstantRH.
InuncoatedbeamssubjectedtocyclicRHvariations,however,theDOLeffectwas
moresevere,as theDOLeffect resulted frombothmaterialgettingweakerand
from changed stress distributions caused by creep and hygroexpansion.
Calculations ofmoisture loads showed that a good surface coating (herewith
alkydpaint)woulddecreasethemoistureloadfrom0.15to0.05MPa,whichisa
reductionbyca.70%.
Thefewstudiesreviewedabovesuggestthatcoating isveryeffective inkeeping
moisture ingress lowand thus lead to lowmoisture induced stresses.However,
thisrequiresanundamagedcoatingfortheentireservicelife.Smalldamagessuch
as cracks on the treated surface will probably affect the effectiveness of the
coating,whichhasalsobeenshownbythestudyperformedbyRouxetal.(1988).
Ifcoatingsaretoreducemoisture inducedstressestoensurestructuralsafety, it
is thus critical that they remain crackͲfree and undamaged. Degradation of
coatings might, however, remain unnoticed by owners or their repair or
replacementmighttaketimeandleadtotemporarilyexposedtimber.Inthiscase,
arisingmoistureinducedstressescouldbeaseveresafetyissue.
5.4 Reinforcementperpendiculartograin
Anotherapproach todealwithmoisture inducedstresses is toenhance the low
strength perpendicular to grain of glulam by reinforcement. Effective
reinforcementcanbeachievedbygluingand/ornailingplywood to thesidesof
thebeamorbygluing inrodsorthreadedboltsperpendiculartothebeam.The
useofselfͲtappingscrewsasreinforcementhasseveraladvantagescomparedto
other reinforcement methods. Screws do not change the appearance of the
beam, as they aredrilled inside, and are thus invisible from theoutsideof the
beam.Moreover, the increased bending and torsion capacities of the screws
enable them tobeusedwithoutpreͲdrilling theholes,whichmakes themmore
time efficient. The use of reinforcement can have major advantages: It can
increasethemechanicalproperties,whichinturnallowstoreducethedimension
ofthewoodenmemberandalsotointroducelowerwoodgrades.
Furthermore, different experimental studies investigating the performance of
screw reinforcements have shown that with a reinforcement the ductility is
enhanced.Oneofthesestudies(BlassandBejtka2003)investigatedtheefficiency
ofselfͲtappingscewsusedasareinforcementinstructuraldetailswherestresses
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perpendiculartograinoccur.These includednotchedbeamsupportsandbeams
withholes.Reinforcedbeamssubjectedtobendingreachedhigherultimateloads
andshowedaductilefailurecomparedtononͲreinforcedspecimens,whichfailed
inabrittleway.
Trautz and Koj (2008) investigated the load bearing and deformation
characteristics of reinforced glulam beams. They performed bending tests on
glulam beams reinforcedwith selfͲtapping screws positioned as tension struts
underanangleof45°.The reinforced specimens showedan increased stiffness
comparedwithnonͲreinforcedspecimens.WhilenonͲreinforcedspecimensfailed
duetoextensivedelamination,thereinforcedspecimensexhibiteda localfailure
perpendicular to the beam axis. Thus, the screw reinforcement provided a
diminution of delamination during failure. Further, the coaction of scattered
defectsindifferentlaminateswasreducedduetothereinforcement.
Jönsson (2005a) investigated the loadcarryingcapacityofcurvedglulambeams
(W*H=90*280mm2)reinforcedwithselfͲtappingscrewsperpendiculartograin
bymeans of a 4Ͳpoint bending test. The beamswere seasoned in 40% RH or
80%RH.Theunreinforcedbeamsfailedpredominantlyintensionperpendicularto
grain,whereas the reinforcedbeams failed in shear,butexhibitedalsoabrittle
failure mode. The stiffness of reinforced beams was the same as for the
unreinforcedbeams,butthestrength,however,was increasedby40Ͳ50%.After
failure,theunreinforcedbeamswerereinforcedandtestedagainandreached10Ͳ
20%higherstrength.Thestiffnesswasinthesameorderofmagnitude,whilethe
deformationcapacitywasapproximatelydoubled.
Otherunreinforcedbeamsweresubjectedtodryingfrom80to40%RHorwetting
from40 to80%RHbeforebeing tested in4Ͳpointbending.After failure, these
beamswere reinforcedand testedagain. In thewetting case, the strengthwas
increasedby30%,whileinthedryingcase,therewasnoincreaseinstrength.
The present author (Angst andMalo 2012b) studied the effect of selfͲtapping
screws on moisture induced stresses arising in glulam (W*H = 90*270 mm2)
exposedtowettingfrom50to90%RHanddryingfrom90to50%RH.Thestudy
was performed bymeans of both experiments and numerical simulations. The
largetensilestressesperpendiculartograin(averagestresses),whichariseinthe
cross section centre during wetting exposure, were found to be significantly
reducedbythescrewreinforcement.Comparedtounreinforcedglulambeams,a
reduction by ca. 30 to 70% could be achieved depending on screw distance.
Moreover, the (average) tensile stresses arising between the screws (in
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longitudinal beam direction) were found to strongly depend on geometric
properties of the beam (cross section width, geometrical configuration). For
dryingexposure,theresultsshowedthatthescrewreinforcementhadanegative
effect, by slightly increasing the tensile stresses at the cross section border.
However,asthesestresseswereconsiderablylowerthanstressesduringwetting,
thepositiveeffectof the reinforcing screw forwettingexposures isbelieved to
predominate.For ratherextremeclimatevariations, though, thenegativeeffect
ofthereinforcingscrewduringdryingexposurewasmorepronounced(Appendix
A).
5.5 Summary
Three different approaches to dealwithmoisture induced stresses have been
discussed.First,moisture inducedstressescouldbeconsideredasa loadcase in
design calculations.As suggestedby severalauthors, this isamore transparent
approachthanthecommonpracticeoftakingmoistureeffects intoaccountbya
strength reducing factor.However, both experimental and numerical studies –
including results from the present thesis – have shown thatmoisture induced
stressescaneasilyreachthe levelofthecharacteristictensilestrengthofglulam
perpendicular to grain.Thus, inorder to increase the capacity tobearexternal
structural loads or tomitigate cracking, additionalmeasures have to be taken.
Onepossibility istoapplyacoatingonthebeamsurface.Thisreducesmoisture
ingressandkeepsthusmoistureinducedstresseslow.Thefewexistingstudiesin
thisfieldhaveshownthatthisisaveryeffectivemeasure.However,thelongͲterm
effectivenessofcoatings,especiallywhencracksdeveloponthetreatedsurface,
isnotknown.Afurthermethodtodealwithmoistureinducedstressesistheuse
of reinforcement,which acts by enhancing the low tensile strength of glulam
perpendiculartograin.AneconomicreinforcementtypeistheuseofselfͲtapping
screws,whichwas found to increaseboth loadbearingcapacityandductilityof
beams.However, theperformanceof screw reinforcedglulambeams invarying
climateshasnotbeensufficientlystudiedandisthusnotwellͲunderstood.
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6.1 Summaryandconclusions
The present study provides a deeper knowledge about the effect of climate
variations inglulammembers.Thedevelopmentofmoisture inducedstresses is
studied, as well as the different parameters affecting the calculation and the
stress levels. Moisture induced stresses can be obtained either through
experiments or by means of numerical simulations, the latter being more
commonintheliteratureduetothesmalleramountofworkandequipment.
Inpaper I (AngstandMalo2010)areviewof theparametersandmathematical
modelscommonlyappliedfornumericalsimulationsofmoistureinducedstresses
in glulam was presented. Models and parameters from the literature were
compared and the relative influence of these on calculatedmoisture induced
stresseswasevaluated. Itwas concluded thatgeometricalpropertiesaswellas
materialparametershadasignificantly strongereffecton thesimulation results
thantheselectedmathematicalformulationsofmechanosorption.
BasedontheresultsfrompaperI,anexperimentalstudywasperformedinpaper
II(AngstandMalo2012a),withtheobjectiveofobtainingacomprehensivesetof
parameterssuitableforcalibrationofnumericalmodels.Glulamspecimenswere
subjected tooneͲdimensionalwettinganddryingperpendicular tograin,before
materialparametersandmoisture inducedstressesweredetermined.Thestudy
revealed that thematerialparameters,whichcomprised themoduliofelasticity
andthehygroexpansioncoefficients(bothmeasuredonslicescutalongthecross
section height), were strongly affected by the geometrical configuration (pith
locations) of the specimens. Thus, this also affects the level of the calculated
internal stresses. Furthermore, the experiments confirmed previous studies,
namely thatmoisture induced stresses, which developed during wetting were
significantlylargerthancorrespondingstressesduringdrying.Inthewettingcase,
themeasuredtensilestressesclearlyexceededthecharacteristictensilestrength
ofglulam.Thus,althoughmechanoͲsorptivecreepeffectswerefoundtostrongly
reduce the internal stresses, the remaining stresseswere stillofa considerable
magnitude.
Basedon the findingsand themeasuredparameters frompaper II,anumerical
studywasperformed inpaper III (AngstandMalo2011),wherevariousglulam
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cross sections subjected towettingwere investigated.Wetting exposureswere
selected, because they are known to result in significantly larger stresses than
corresponding drying exposures. Themain parameters were the cross section
width and its geometrical configuration (based on 24 visually recorded cross
sectionconfigurations).Thestudyconcludedthatlocalmoistureinducedstresses
weresignificantlylargerthanaveragestresses(averageovercrosssectionheight).
Thelocalstresseswerefoundtostronglydependontheannualringpatternofthe
laminatesintheglulamcrosssection.Especiallythepresenceorabsenceofpiths
withinthelaminates,butalsothelocationofpithswithinthecrosssectionmainly
affectedthemagnitudeoflocalstresses.Itwasconcluded,thatinsomecasesthe
local tensile stresses could lead to cracking in the cross section evenwithout
external loadand thus reduce the loadbearingcapacityof themember.Finally,
thecomparisonofdifferentcrosssectionwidthsrevealedthatthewideracross
sectionwas,thelongerittookuntillargestressesarose.
BasedontheresultsfrompaperIIandpaperIII,theuseofscrewreinforcement
wasstudied inpaper IV(AngstandMalo2012b),bymeansofbothexperiments
and numerical simulations. The model parameters for modelling reinforced
specimens during wetting were found to correspond to the ones applied for
modellingunreinforced specimens (paper III),due to theobservation thatboth
specimens exhibit similarmechanoͲsorptive creep behaviour. The large tensile
stressesarisingduringwettingwerefoundtobesignificantlyreducedbyascrew
reinforcement in the cross section centre. With screw distances from 70 to
210 mm, stress reductions by 70 to 30% were achieved (compared to
unreinforced glulam beams). Moreover, the study revealed that the tensile
stressesarisingbetweenthereinforcingscrewswerenotonlydependingonscrew
distance,buttoalargeextentalsooncrosssectionwidthandannualringpattern
of the laminates.Duringdrying, the tensile stressesat the cross sectionborder
werefoundtobeslightly increasedduetotheadditionalrestraintcausedbythe
screw.However,astheoverallstressesduringdryingwereingeneralsignificantly
lower than duringwetting, the advantages using a screw duringwettingwere
believedtooutweighthedisadvantagesduringdrying.
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6.2 Futureresearchwork
Basedonthestateoftheartofmoistureinducedstressesinglulamaswellason
thenewfindingssummarisedabove,thefollowingresearchtopicsarebelievedto
beofmajorimportance:
x Coating:Coatingofglulambeamsseemstobeapossiblemeasureagainst
largemoisture induced stresses.However, experimentalmeasurements
investigating the effect of a specific coating on the moisture induced
stress level are lacking. Similarly, the long term efficiency of different
coatingsandthebehaviourduringtheirdegradationarecurrentlynotwell
understood.
x Reinforcement:Anothermeasuretodealwithmoisture inducedstresses
istheuseofreinforcementperpendiculartograin.Onemethod istouse
selfͲtapping screws, which has shown satisfying results in constant
climates.Theperformanceofscrewreinforcement inclimaticvariations,
however,isatpresentnotwellunderstood.
x Impact of cracking:How do the cracks,whichmay be induced by high
localmoisture inducedstresses,affecttheglulammember,especially its
loadbearingcapacity?
x Geometrical configuration: Results of the present thesis have indicated
thatmoistureinducedstressescanbereducedbyoptimisingcrosssection
design (orientation of laminates, piths, etc.). Further research work is
requiredinthisregard.


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Abstract
Stresses perpendicular to the grain arising from moisture
changes might cause cracks and thereby severely affect the
load bearing capacity and serviceability of timber structures.
The present paper reviews parameters and mathematical
models commonly applied for numerical simulation of mois-
ture-induced stresses in glulam members. The basis of the
calculations is a hygro-mechanical model coupled with a
moisture transport model. Several models and ranges of para-
meters reported in the literature are compared and the sig-
nificance of the parameter selection is evaluated. It was
found that geometrical properties as well as material para-
meters have a significantly stronger effect on the outcome
of the simulations than the selection of a certain numerical
formulation of mechanosorption.
Keywords: glulam; mechanosorption; moisture-induced
stresses; numerical simulation.
Introduction
Timber structures are usually subjected to climatic changes
of the surrounding environment. As a result of varying rel-
ative humidity (RH) in the ambient air, moisture gradients
occur in the timber elements and induce stresses. Stresses
perpendicular to the grain might cause cracks to develop in
the longitudinal direction and thus severely affect the load-
bearing capacity and serviceability of timber members.
Indeed, tension perpendicular to the grain is the most com-
mon failure mode (Frese and Blass 2007; Fru¨hwald et al.
2007).
The increased cross-section sizes and the higher share of
engineered and highly stressed connections, which have been
utilized in past decades, make the structures more vulnerable
to crack development. To be able to investigate crack pro-
blems related to moisture-induced stresses (MiS), moisture-
related models are needed together with engineering tools
such as the finite element method and design standards.
However, models taking into account the effects of moisture
are not common in engineering standards. In fact, the knowl-
edge about such models and their application is moderate in
the engineering community.
Extensive work on the numerical simulation of MiS has
been undertaken by many researchers. Usually, constitutive
relations between stress, strain, and moisture changes are
used to describe the physical and mechanical behavior of
timber exposed to climatic changes. It is well known that
there is a strong interaction between mechanical response
and moisture variations, which is usually referred to as
mechanosorptive creep. Over the years, several formulations
have been proposed to describe mechanosorptive creep, most
of which are restricted to one dimension. In recent years a
few two-dimensional (2D) and three-dimensional (3D) mod-
els have also been developed.
The main purpose of the present study is to review some
models and parameters reported in the literature to evaluate
the relative influence of these various mathematical models
and material parameters on calculated MiS. Thus, the present
paper contributes to a basis for the selection of both an
appropriate model and material parameters for evaluation of
MiS in glulam members under service life conditions. In the
present case, numerical simulations of MiS have been per-
formed and the results obtained by different models and
parameters have been compared.
The approach adopted is as follows: a constitutive model
for the computation of drying and wetting stresses perpen-
dicular to the grain in glulam is chosen. As a first step, the
transient moisture distribution in the timber is determined by
a moisture transport model. Based on this distribution, the
MiS can be computed using a hygro-mechanical model. For
the stress calculation, different mechanosorption models and
material parameters are applied, and then compared with
respect to stress development versus time to evaluate the
effect of various input parameters. Both one-dimensional
(1D) and 2D analyses have been performed.
Theory
Moisture transport model
The most common approach to describe moisture transport
in wood is to use Fick’s second law of mass diffusion
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Figure 1 Diffusion coefficients for spruce in the cross-grain direc-
tion (at 20"28C).
Table 1 Surface emission coefficients of spruce at
20"28C.
Surface emission
coefficients (m s-1) References
2.2=10-8 Aicher and Dill-Langer 1997
8.36=10-8 Houska and Koc 2000
1.05=10-6 Koc and Houska 2002
12.4=10-8–22=10-8 Koponen 1985
B E≠u ≠ ≠u
C Fs D (1)
D G≠t ≠x ≠x
where u is the moisture content (MC, mass of water/mass of
dry wood) and D wm2 s-1x is the corresponding diffusion coef-
ficient. Although the concept of an effective diffusion coef-
ficient is not able to describe the several parallel transport
processes actually taking place in wood, it is commonly used
for engineering purposes and gives reasonably accurate
results below fiber saturation (Ha¨glund 2007).
There are two different approaches to describe the mois-
ture transport through the surface of the wood. The first type
of boundary condition assumes that the MC in the outermost
wood layer, usurf, is equal to the equilibrium MC (EMC)
corresponding to the RH in the air, ueq:
u su (2)surf eq
Changes in the external climate thus affect the state of
moisture in the outermost wood layer without any delay. By
contrast, the second type of boundary condition takes into
account the moisture transfer resistance at the surface, where
the flux of moisture is driven by the difference between the
surface MC and the EMC:
B E≠u
C FD sS u -u (3)Ž .eq surf
D G≠x
where S wm s-1x is the surface emission factor. As the resis-
tance decreases, the surface emission factor increases and the
second boundary condition (3) approaches the first boundary
condition (2). For the case of water ingress, Shi (2007) found
the moisture transfer resistance to be very low and thus sug-
gested that the first type of boundary condition is suitable
for modeling absorption processes. In desorption, however,
the weight loss of wood specimens was experimentally found
to be delayed and thus Shi suggested that the behavior can
be described by means of the surface emission coefficient
according to Eq. (3).
The values for the diffusion and the surface emission coef-
ficients depend among others on the methods applied for
their measurement or determination (Comstock 1963; Cai
and Avramidis 1997). Hence, a wide range of values is
reported in the literature. Some diffusion coefficients for
spruce wood in the cross-grain direction are presented in
Figure 1. When different values were proposed for both
transversal directions (Koponen 1984), these values are aver-
aged herein. It seems that diffusion coefficients in both trans-
versal directions are the same at low MCs (Koponen 1983;
Rosenkilde and Arfvidsson 1997) and very similar at higher
MCs. The figure shows that diffusion coefficients in the
cross-grain direction scatter widely, particularly above 15%
MC, where the scatter is up to one order of magnitude. Fur-
thermore, it shows that diffusion coefficients are usually
found to be dependent on MC. Table 1 shows some reported
surface emission coefficients for spruce wood in the cross-
grain direction. Apparently, the values scatter over two orders
of magnitude.
Hygro-mechanical model
The most common approach to describe the hygro-mechan-
ical behavior of timber is by means of a strain rate formu-
lation (Ma˚rtensson 1994a; Aicher and Dill-Langer 1997;
Hanhija¨rvi 2000a).
˙ ˙ ˙ ˙ ˙´s´ q´ q´ q´ (4)e s ms c
Here is the total strain rate, the elastic,˙ ˙ ˙ ˙´ ´ ss/E ´ se s
the linear shrinkage-swelling, the mechanosorptive˙ ˙au ´ms
creep, and is the time-dependent creep strain rate. Para-˙´ c
meters s, E, a, and u are the stress, the elastic modulus, the
hygro-expansion coefficient, and the MC, respectively.
Mechanosorptive creep In the literature, different models
are proposed for mechanosorptive creep; these models
describe the simultaneous effect of mechanical and moisture
loading on wood. A general review about the different types
of models is given in Hanhija¨rvi (2000a). Initially, models
were formulated for the mechanosorptive effects on timber
beams in the grain direction, which result in increased deflec-
tions (Leicester 1971; Ranta-Maunus 1975; Ma˚rtensson
1994a,b). Later, a closely related research area was the
numerical simulation of timber drying, where creep perpen-
dicular to the grain is important, because it enables relaxation
of drying stresses (Salin 1992; Ma˚rtensson and Svensson
1997a,b; Hanhija¨rvi 2000b; Ha¨glund 2008).
Some mechanosorptive creep models proposed in the lit-
erature are listed in Table 2 for the numerical simulation of
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timber drying or wetting. Maxwell-type models are common.
However, several researchers have remarked that this type of
model gives unsatisfactory results for timber under-loading,
because recovery cannot be described when unloading takes
place. Consequently, new and more advanced Kelvin-type
models were proposed, which are able to describe recovery
(Salin 1992; Ma˚rtensson and Svensson 1997a,b; Hanhija¨rvi
2000b; Svensson and Ma˚rtensson 2002; Svensson and Toratti
2002). In Table 2, only the two most straightforward Kelvin-
type models are presented, with corresponding parameters.
Apart from the models of Ormarsson (1999) and by Ma˚r-
tensson and Svensson (1997b), the models are restricted to
one dimension. Models that did not provide parameters for
spruce were not considered in the present review.
Time-dependent creep Different approaches were pro-
posed to account for time-dependent creep. A good fitting
of experimental creep behavior can be obtained by rheolog-
ical models (Hanhija¨rvi 2000b). Simpler mathematical
expressions are sometimes preferred (Aicher and Dill-Langer
1997). A successful mathematical description of creep in
timber, under constant RH and temperature, is the power law
(Ranta-Maunus 1993). Another simple way to include creep
effects is to reduce the elastic modulus, so that a larger
immediate increase in strain is obtained (Ma˚rtensson and
Svensson 1997a; Jo¨nsson 2005). This is also the approach in
Eurocode 5, where the reduction depends on the climatic
environment and can be up to 30% of the mean modulus of
elasticity (MOE) (Eurocode 2004).
However, there is agreement that the effect of time-
dependent creep at low MCs and temperatures is small com-
pared with mechanosorptive creep (Ma˚rtensson and
Svensson 1997a; Toratti and Svensson 2000; Virta et al.
2006). The former is therefore often ignored (e.g., Ormarsson
et al. 1998; Svensson and Toratti 2002; Ha¨glund 2008). By
contrast, in some of the hygro-mechanical models that
explicitly omit time-dependent creep, the input values for the
MOE were lower than corresponding data of the literature.
Often, a constant MOE, taken at fiber saturation point, has
been chosen, instead of an MC dependent MOE. This means
that time-dependent creep is in fact not neglected in these
models, but implicitly taken into account by using low MOE
values.
Calculations
In this study, MiS perpendicular to the grain in glulam was
calculated by means of a hygro-mechanical model coupled
with a moisture transport model. The influence on the result-
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Figure 2 Schematic representation of the experimental setup from Jo¨nsson (2004) and the two approaches used for the hygro-mechanical
model.
ing stresses was investigated based on several mechanosorp-
tion models and varying parameters. The calculations were
run on Comsol Multiphysics (2007), a commercial finite ele-
ment program, which relies on quadratic Lagrangian ele-
ments. The setup and the basic condition were chosen
according to the experimental tests performed by Jo¨nsson
(2004), who investigated glulam specimens (90=270=
16 mm3, quality L40) which were conditioned in 40 or 80%
RH. To ensure a 1D moisture transport perpendicular to the
grain, the specimens in these experiments were sealed on
four sides before being subjected to wetting from 40 to 80%
RH or drying from 80 to 40% RH. Afterwards, the specimens
were cut into small slices and the MC, the released strain,
and the elastic modulus of each slice were measured and the
MC distribution and the MiS were plotted. A schematic rep-
resentation of Jo¨nsson’s experiments is shown in Figure 2.
Whereas the moisture transport model neglects the annual
ring orientation of the glulam specimen, the hygro-mechan-
ical model takes it into account by two different approaches
for the 1D- and 2D-model (Figure 2). The first approach is
in accordance with the work of Ha¨glund (2009), who suc-
cessfully modeled Jo¨nsson’s experiments based on the 1D-
model. Ha¨glund calculated an effective MOE and
hygro-expansion coefficient for each slice of the glulam
specimen with an estimated average angle u between the x-
axis and the tangent to the annual rings for each slice,
according to:
E E GR T RTE s (5)eff 2 2 2 2 2 2 2 2E G m Ø m -n n qE G n Ø n -m n qE E m nŽ . Ž .T RT RT R RT TR R T
2 2a sa Øm qa Øn (6)eff R T
where mscosu and nssinu. In the 1D-model (Figure 2), the
MOE and the hygro-expansion coefficient are thus modeled
as a function over the cross-section width based on the effec-
tive values reported by Ha¨glund. It should be noted that the
MOE is not a function of MC; this statement is in agreement
with Jo¨nsson (2004), who did not find significant differences
when measuring the MOE in specimens conditioned in 40
or 80% RH. The 1D-model is nevertheless implemented in
two dimensions as it is not possible to directly run a 1D-
stress-strain analysis with Comsol Multiphysics. However,
by setting the Poisson ratio equal zero, the stresses in the y-
direction become a function of the strains in the y-direction
only, and thus, it can be regarded as a 1D-model.
By contrast, the 2D model (Figure 2) takes into account
the annual ring orientation of every laminate by defining a
local cylindrical coordinate system in each laminate. The ori-
gin of the local coordinate systems is located in the pith of
a laminate.
Selection of model parameters for the moisture
transport model
The selection of the diffusion coefficient in the computations
of the moisture distribution is a challenge. In the literature,
a wide range of values is proposed (Figure 1) and, as Figure
3 illustrates, the value of this parameter has a strong effect
on the resulting MC distribution. The results from the mois-
ture transport model are decisive for the accuracy of the sub-
sequent hygro-mechanical model; hence a diffusion coeffi-
cient giving the best fit to the experimental results from Jo¨ns-
son (2004) is chosen (Table 3). A value fitted to experimental
results is more appropriate than data taken from the literature,
because the concept of an effective diffusion coefficient is
only a very simplified mathematical description of several
transport processes actually taking place parallel in the wood
during moisture changes (Hukka 1999).
As mentioned above, no distinction is made between radial
and tangential directions in the present moisture transport
model. Different types of boundary conditions are consid-
ered, based on varying MC. The wetting process is modeled
according to Eq. (2), whereas a boundary condition accord-
ing to Eq. (3) is applied for the drying analysis. In the present
case, wetting was best modeled with a constant diffusion
coefficient, whereas for drying this coefficient is linearly
dependent on the MC. The selected parameters are in the
range of literature data (Figure 1) and are summarized in
Table 3.
In Figure 4, the MC distribution in glulam specimens (ini-
tially conditioned at 40 or 80% RH) are compared. The com-
parisons are made after a single climate change obtained
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Figure 3 Moisture content distribution in glulam after 11 and 38
days of wetting from 9 to 16% MC, calculated using boundary
conditions according to Eq. (2) and different diffusion coefficients
based on Figure 1.
Table 3 Parameters for moisture transport models.
Analysis Boundary condition/parameters
Wetting: Boundary condition according to Eq. (2):
40™80% RH u0s0.09, ueqs0.16, Ds3e-10 m2 s-1
Drying: Boundary condition according to Eq. (3):
80™40% RH u0s0.16, ueqs0.08, Ss5e-8 m s-1
Ds2.857e-11* (u)-1.57e-10 m2 s-1
(which corresponds to: Ds1e-10 for us0.09,
and Ds3e-10 for us0.16)
Figure 4 Comparison of measured and calculated moisture con-
tent distributions after 1, 11, 24, and 38 days of (a) wetting from
40 to 80% RH and (b) drying from 80 to 40% RH.from measurements (Jo¨nsson 2004) and from calculations
based on the diffusion analysis. The selected parameters give
reasonable results.
Selection of model parameters for the 1D-hygro-
mechanical model
The hygro-mechanical model requires selection of various
parameters, such as stiffness parameters and hygro-expan-
sion coefficients, as well as that of appropriate mechano-
sorption and time-dependent creep models. In the following,
time-dependent creep will be omitted, an approach which is
in accordance with several researchers, Ha¨glund (2008).
Different mechanosorption models were compared with
the 1D formulation (Figure 2). This was done by calculations
of the MiS developing in a glulam cross-section over time,
for a wetting, a drying, and a cycling case. The stiffness
parameters and hygro-expansion coefficients were kept con-
stant across the various models. The values for stiffness and
hygro-expansion parameters in transversal directions wnec-
essary for the calculation of the effective values by means
of Eqs. (5) and (6)x were chosen according to Ha¨glund
(2009). The mechanosorption models which are compared,
are the four models presented in Table 2 (two Maxwell- and
two Kelvin-type models) with proposed parameters for
spruce. To be able to apply the 2D-models of Ormarsson
(1999) and Ma˚rtensson and Svensson (1997b), the models
were ‘‘transformed’’ into 1D-models based on the same prin-
ciple as for the stiffness parameters; effective parameters
were calculated from the values defined in transversal direc-
tion by Eqs. (5) and (6).
Selection of model parameters for the 2D-hygro-
mechanical model
A sensitivity analysis was performed with 2D-formulation
(Figure 2) for investigation of the influence of material para-
meters and geometrical configuration on calculated MiS.
Values for hygro-expansion coefficients and stiffness moduli
for spruce wood published in the literature were used (see
Table 4). With regard to geometrical configuration, three dif-
ferent pith locations, shown in Figure 5, were studied. The
pith locations were selected by visual evaluations of glulam
cross-sections and are thus realistic. The mechanosorption
model for the calculation was the one proposed by Ormars-
son (1999) with corresponding parameters (Table 2). In the
various configurations, the MiS developing in a glulam
cross-section (in the center of the third laminate, indicated
by the broken line in Figure 5) over time were calculated for
both a wetting and a drying case. The parameters in the
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Table 4 Parameter studies with 2D-models.
Variation Legend Configurations/parameters References
Pith locations Ref On the bottom of the lamella –
A In the center of the lamella –
B Below the lamella –
Hygro-expansion Ref ars0.11, ats0.22 Jo¨nsson 2005
coefficients C ars0.19, ats0.35 Ormarsson 1999
D ars0.07, ats0.15 Dinwoodie 2004
Stiffness parameters Ref Ers467 MPa, Ets216 MPa, Grts42 MPa Ha¨glund 2008
(Els97 MPa and nrts0.55 are not varied)
E Ers710 MPa, Ets430 MPa, Grts23 MPa Dinwoodie 2004
F Ers2200*(0.3-u)q400 wMPax Ormarsson 1999
Ets1300*(0.3-u)q220 wMPax
Grts72*(0.3-u)q25 wMPax
Figure 5 Different pith locations studied in the model (note that
in case B, the piths are outside the laminates).
Figure 6 Internal stresses developing during (a) wetting and (b)
drying using different mechanosorption models.
reference configuration, as well as the variations of para-
meters, are summarized in Table 4.
Results and discussion
In the following, stresses calculated by different hygro-
mechanical models with different parameters are presented
and discussed. The hygro-mechanical models are all based
on the same moisture transport model.
Results obtained with the 1D-hygro-mechanical
model
The MiS values, which develop in the center and on the
border of a glulam cross-section during wetting from 40 to
80% RH, or drying from 80 to 40% RH, are plotted in Figure
6. It is obvious that the shape of the stress curves obtained
with different types of mechanosorption models is similar.
From theory, a decreasing stress rate is expected for the Kel-
vin-type models. In the present case, this effect is slightly
apparent after 30–40 days when the Kelvin-curves exhibit
somewhat smaller slopes. However, when the stresses are
largest at the beginning of the analysis (5–10 days), Max-
well- and Kelvin-type models behave similarly for the fol-
lowing reason: the first term in the equation is the same in
both types of models and is strongly dominated by the stress
(ms). In the same manner, the results of the cycling analysis
(plotted in Figure 7), which involved 11 days of drying and
wetting cycles each, show that there is no significant differ-
ence between the stresses obtained with the different models.
The only observable deviation is the stress shift obtained
with Maxwell-model 1b. This is as a result of a term (bDu)
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Figure 7 Internal stresses developing during cycling using differ-
ent mechanosorption models.
included into the model, which depends on the direction of
the MC change. Thus, all the compared mechanosorption
models can be used for the present type of analysis, namely
glulam subjected to climatic changes of the surrounding
environment without external load. It might also be worth
noticing that the dimensions of the cross-section together
with the external moisture variations affect the magnitude of
the established moisture gradient, which in turn largely deter-
mines the internal stresses. Thin cross-sections are not likely
to exhibit as large MiS as wider cross-sections. In realistic
cases, however, the level of stresses is likely to be the reason
for a very similar behavior of Kelvin- and Maxwell-models
(where the first term in the Kelvin-model is dominant). The
parameters need to be adjusted to get the correct stress level
for a certain application.
Results obtained with the 2D-hygro-mechanical
model
Figure 8 presents the results from the calculated MiS which
develop in the glulam cross-section during wetting from 40
to 80% RH, or drying from 80 to 40% RH, obtained with
different configurations according to Table 4. The mecha-
nosorption model with corresponding parameters proposed
by Ormarsson (1999) (Table 2) was used for the calculations.
In the plots, the stresses in the y-direction developing in the
center of the third laminate are depicted (see also Figure 5).
The vertical y-stress is computed from the local radial and
tangential components.
Effect of pith location Figure 8a,b demonstrates the effect
of the pith locations on the stresses. When the point at which
the stresses are examined lies in a pith (case A), the local
stresses are 4.0–4.5 times larger than the lowest stresses at
that point (case B). However, when the average stresses over
the height of the cross-section are examined, the effect of
the pith location is smaller (2.6–2.8 times larger in case A).
These results are in agreement with an analysis performed
by Gowda et al. (1998) in 1D, which illustrates the sensitivity
of the stress distribution owing to the annual ring orientation
in the cross-section: the closer the pith is located to the lam-
ina, the higher the stresses are.
Effect of hygro-expansion coefficients Figure 8c,d
shows that the value for the hygro-expansion coefficient
determines the maximum stress level which is reached after
7–11 days of climate change. At this time, the ratio between
chosen hygro-expansion coefficients for the different scenar-
ios, C and D, acts like a scaling factor for the obtained stress-
es. For instance, ar and at for case C (high values) are on
average 2.5 times larger than for case D (low values), and
the maximum stresses in the center of the cross-section are
in the same range. The same effect can also be observed,
when the average stresses over the height of the cross-section
are considered, which is in contrast to the pith locations.
Effect of stiffness parameters Figure 8e,f illustrates how
the stresses are affected by different stiffness parameters. By
using the stiffness values dependent on the MC (case F), as
proposed by Ormarsson (1999), the maximum stresses in the
center of the cross-section become up to 1.4 times larger than
the stresses obtained with the constant stiffness values pro-
posed by Ha¨glund (2009) (case ref.). Moreover, this also
affects the shape of the curve in the shown stress-versus-
time plots. The influence of varying stiffness parameters on
the stresses is the same when looking at local or averaged
(over the sample height) values. These results are in agree-
ment with a 1D parameter study; e.g., Ha¨glund (2009) dem-
onstrated that 50% higher or lower stresses can be obtained,
depending on the selected value for the MOE or the hygro-
expansion coefficient.
Conclusions
The present study highlights some considerations related to
modeling of MiS in glulam under service life conditions
(including single and cyclic climate changes with RH values
below 100% and exhibiting pronounced moisture gradients
across the cross-section).
The stress distributions calculated by a hygro-mechanical
model are strongly affected by the input parameters. In the
present study, the selected pith locations and the hygro-
expansion coefficients show the strongest effect, followed by
the stiffness parameters. The selection of the mathematical
model describing mechanosorption, however, does not
appear to be decisive for the results. More emphasis should
be put on geometrical configuration and material character-
istics rather than mathematical formulations. For modeling
MiS in glulam members under service life conditions, Kel-
vin-type models for mechanosorptive creep offer no signif-
icant benefits over the mathematically simpler Maxwell-type
models.
In fact, Kelvin-type models requires more parameters and
increases computation time. Accounting for the strong influ-
ence of material parameters (diffusion coefficient, hygro-
expansion parameters, stiffness parameters), calibration of
mechanosorption model parameters can be done properly
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Figure 8 Stresses developing during (a) wetting and (b) drying using different pith locations, (c) wetting and (d) drying using different
hygro-expansion coefficients, (e) wetting and (f) drying using different stiffness parameters.
when the material parameters are known for the actual case.
Considering the large scatter in literature data, it is evident
that measurement of all the relevant material parameters is
necessary. Nevertheless, literature values are useful for per-
forming sensitivity analyses or qualitative investigations.
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Abstract
Moisture induced stresses resulting from climate variationsof theenvironment
caninducecracksintimbermembersandthusaffectthesafetyandserviceability.
The present study highlights – by means of numerical simulations – the
distributionanddevelopmentover timeofmoisture induced stresses invarious
glulamcrosssectionsduringwetting.Theresultsshowthatlocalstressesmaybe
significantlylargerthanaveragestresses,theextentofwhichstronglydependson
thegeometricalconfigurationoftheglulam laminates.Suggestionsaremadeon
the design of glulam cross sections to minimize the arising local stresses.
Furthermore,thestudiedwettingexposureresults in localtensilestresseswhich
exceed the tensile strengthof thematerial. In smaller cross sections this is the
casewithinfewdays,whilemoretimeisrequiredinwidercrosssections.
ͳ 
Safetyandserviceabilityoftimberstructuresareaffectedbyclimatevariationsof
the surroundings. The varying relative humidity (RH) induces stresses
perpendiculartograin intimbermembers.Thesestressescanbecompressiveor
tensilestressesandarecommonlyreferredtoasmoistureinducedstresses(MiS).
The tensile stresses are especially critical, as the tensile strength of timber
perpendiculartograin isvery low,andthus, ifthe latter isexceeded,cracksmay
occur.Thesecrackscanevolve inthe longitudinaldirectionandreducethe loadͲ
bearingcapacityofindividualtimbermemberssignificantly.Intheworstcase,this
can leadtofailureofthestructure.Asamatteroffact,tensionperpendicularto
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grain is themost common failuremode of timber structures (Frese and Blass
2007;Frühwaldetal.2007)
Several experimental and numerical studies have shown that considerableMiS
arise in timber under normal service conditions (Svensson and Toratti 2002;
AicherandDillͲLanger1997;Häglund2008;JönssonandSvensson2004;Jönsson
2004).Theauthorsobservedtensilestressesperpendiculartograin,whichwere
similar to or even exceeded the tensile strength of the corresponding timber
material.However,mostof thestudiesdealingwithMiS inglulamconcernonly
mean stresses and do not consider that local stressesmay even be larger. A
further study, which investigated the combination of moisture induced and
mechanical stresses, found the tensile capacityof the timber tobe reducedby
climate exposure (Jönsson and Thelandersson 2003). In evaluation of timber
structures,itisthereforeimportanttotakeMiSintoaccount.Oneapproachisto
consider stresses inducedbymoisturegradientsas loadsand to take theseMiS
intoaccounttogetherwithmechanicalstresses(RantaͲMaunus2003).
Themainpurposeof thepresent study is toquantify average and localMiS in
different glulam cross sections subjected to wetting. The influence of various
geometricalconfigurations(pithlocationdistributioninthecrosssection)onlocal
stresses is investigated. Also the effect of different cross section widths on
averageandmaximum local stresses is investigated.The study isperformedby
means of numerical simulations, where the requiredmaterial parameters are
basedonapreviousexperimentalstudybythepresentauthors(AngstandMalo
2012).ThecalculatedMiSarecomparedwithultimatestressvaluesfound inthe
literature.
ʹ 
Thepresentpaperconsiderstimber(glulam)crosssectionswiththe lateralfaces
exposedtowettingandtop,bottom,frontandbackfacessealed,thusleadingto
oneͲdimensionalmoisture transport perpendicular to grain. As a basis for the
geometryaglulamcrosssectionwithheight270mm,consistingof6 laminates,
andvariouswidthsisused.Eachlaminateexhibitsadifferentannualringpattern,
which, in the numerical simulations is taken into account by defining local
cylindricalcoordinate systems ineach laminate.Theoriginsof thesecoordinate
systemsaredefinedbythe locationsofthepith inthecorresponding laminates.
This allows modeling of orthotropic material properties in the radial and
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tangentialdirectionoftheannualrings.NumericalsimulationsofMiSdeveloping
in glulam cross sections are performed by using a moisture transport model
coupledwithahygroͲmechanicalmodel.
2.1 Moisturetransportmodel
AoneͲdimensionalmoisturetransportmodelbasedonFick’ssecondlawofmass
diffusionisusedforthecalculationofthemoisturecontent(MC)u(massofwater
permassofdrywood)accordingto:
u uD
t x x
w w w§ · ¨ ¸w w w© ¹  (1)
ThediffusioncoefficientD[m2/s] isassumedtobeequal inradialandtangential
direction, thus resulting inonevalue for thecrossgraindirection.Themoisture
flowatthetimbersurfaceisexpressedwiththefollowingequation:
  eq surfuD S u u txw§ ·  ¨ ¸w© ¹  (2)
The surface emission factor S [m/s] takes into account themoisture transfer
resistance at the surface,where themoisture flow is driven by the difference
betweentheactualsurfaceMCusurf(t)andtheequilibriumMCueq.
2.2 HygroͲmechanicalmodel
AtwoͲdimensionalorthotropichygroͲmechanicalmodelisusedforthecalculation
of internal stresses resulting fromMC changes. Themodel assumes the total
strainratevector İ tobethesumoftheelasticstrainratevector eİ ,the linear
shrinkageͲswelling strain rate vector sİ ,and themechanoͲsorptive creep strain
ratevector msİ :
e s ms     İ İ İ İ  (3)
Thedotdenotesderivativewithrespecttotime.Forthepresentnumericalmodel,
themodulusof elasticity E, the shearmodulusG and the Poisson’s ratio ʆ are
assumedtobe independentofMC.This isbasedonexperimentalresults,where
theeffectofMConEwasfoundtobenegligible(AngstandMalo2012).
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Theelasticstrainratevectorisdefinedas:
e  C İ ı  (4)
Here ı  is the stress vector and C  the compliance matrix, which, in matrix
notation,isasfollows:
1
0
1
0
1
0 0
TR
R T
RT
R T
RT
E E
E E
G
Q
Q


ª º« »« »« »« »« »« »« »¬ ¼
 C  (5)
Here, indices R and T denote radial and tangential direction, respectively. The
linearshrinkageͲswellingstrainratevectorisdefinedas:
s u  İ Į  (6)
where u  represents theMC rateand Į  thehygroexpansion coefficientvector,
accordingto:
> @0 TR TD D Į  (7)
Intheliterature,variousmodelshavebeenproposedformechanoͲsorptivecreep.
However, when modeling MiS in timber without external load, the type of
selectedmodelhasarelativelysmalleffect,whiletheselectionofcorrectmaterial
parametersismuchmoreimportant(AngstandMalo2010).Inthepresentstudy,
themechanoͲsorptivecreepstrainmodel,proposeda.o.byOrmarsson (1999) is
used:
ms u m İ ı  (8)
Thematrixm isamechanoͲsorptionpropertymatrixdefinedas:
0
0
0 0
R TR T
RT R T
RT
m
m
m
m
m
P
P


ª º« »« »¬ ¼
 m  (9)
wheremR,mT,mRTaremechanoͲsorptioncoefficientsintheorthotropicdirections
andplanesandʅTR,ʅRTarecouplingcoefficients.
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It can be noticed that timeͲdependent creep is neglected in the strain rate
formulationpresentedinEq.3.Thisisacommonpractice(Ormarssonetal.1998;
SvenssonandToratti2002;Häglund2008;GerekeandNiemz2010),astheeffect
oftimeͲdependentcreepatlowMCsandtemperaturesisconsideredtobesmall
comparedwithmechanoͲsorptivecreep(MårtenssonandSvensson1997;Toratti
andSvensson2000;Virtaetal.2006).
The numerical simulations of the present study were performed in Comsol
Multiphysics (2008), a commercial finite element program, by using Lagrange
elements(quadratic).
2.3 Materialandmodelparameters
The inputparameters for thepresentnumericalsimulations (Table1)arebased
on the experimental study reported in Angst andMalo (2012). In this study,
glulam specimens were subjected to wetting, while MCs, restrained strains,
released strains, moduli of elasticity and hygroexpansion coefficients were
measured.Also,thegeometricalconfigurationof24specimencrosssectionswas
determined by measuring the location of the pith in each laminate (xͲ and
yͲcoordinates).
Theparametersneeded forthemoisturetransportmodel includea.o.the initial
MC, usurf (t0), and the equilibrium MC, ueq. These were measured in glulam
specimensduringwetting.Thediffusionandthesurfaceemissioncoefficients,D
andS,wereobtainedby fittingmodeled tomeasuredMCdistributions (Fig.1),
withtheparametersgiveninTable1.
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Fig.1Moisturecontentdistributionafter5,12,21,and38daysofwetting(from50%to
90%RH):Measured(averageof5parallelspecimens)andfitteddata
Theparametersneeded for the stressͲstrainmodel include thehygroexpansion
coefficientsand thestiffnessparameters.Thesehavebeendetermined inAngst
andMalo (2012) and are shown in Table1.Note that the stiffnessparameters
correspondtotheparameters,whichHäglund(2008)successfullyfittedtosimilar
experimentalresultsfromliterature(JönssonandSvensson2004).
Theparametersneeded for themechanoͲsorptionmodel include themechanoͲ
sorptionand the coupling coefficients (Eq.9).These coefficientshavenotbeen
measured,but,asalltheotherrequiredmaterialparametersareknown,theycan
beestimated. Ina firststep, themechanoͲsorptionmodelparametersproposed
byOrmarsson (1999)were applied, then, theywere changed –by keeping the
ratio between them constant – until calculated stresses agreed well with
measured stresses. In the present case, a satisfying fitwas obtainedwith the
parameterspresentedinTable1.Notethattheseparametersarereducedby50%
ascomparedtotheonespublishedbyOrmarsson,whichhavebeendefinedand
applied for drying analyses. The lower mechanoͲsorption parameters for the
presentwettinganalysesmightbeexplainedby the fact thatmechanoͲsorptive
strain is smaller duringwetting than during drying (Mårtensson and Svensson
1997; RantaͲMaunus 1993). Figure 2 shows that,with the parameters given in
Table 1, the calculated (fitted) stresses agree well with the stresses from
measurements.Note that theplotted stressesare the stresses inyͲdirection (in
directionofthespecimenheight,seesketchinTable2).
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Table1 Parametersusedforthenumericalsimulations
Modelpart Parameters Parametersfrom
Diffusionmodel usurf(t0)=11.5%,ueq =20%

S=10eͲ8msͲ1,D=2eͲ10m2sͲ1
Experiments(Angstand
Malo2012)
Fitting
StressͲstrainmodel: 
Hygroexpansion
coefficients
ɲR=1.5eͲ3,ɲT =3.2eͲ3 Experimentsandfitting
(AngstandMalo2012)
Stiffnessparameters ER=467MPa,ET =216MPa,
ʆRT=0.5,GRT=42MPa
Experimentsandfitting
(AngstandMalo2012;
Häglund2008)
MechanoͲsorption
model
mR=0.07MPaͲ1,mT=0.1MPaͲ1,
mRT=0.4MPaͲ1,ʅRT=1,ʅTR=0.75
Fitting

 
Fig.2Stressdistributionaftera)5and12daysofwettingandb)21and38daysofwetting
(from50%to90%RH):Measured(averageof5parallelspecimens)andfitteddata
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2.4 Geometryofmodeledcases
Variousgeometricalconfigurationsarestudiedbothwithrespecttocrosssection
widthaswellaspithlocationswithinthelaminates.Intheexperimentalstudy,the
geometrical configuration of 24 specimen cross sectionswas recorded.On this
basis, one typical configurationwas selected as a reference configuration (see
Table 2). This configuration is free from piths with exception of the lowest
laminate that contains a pith at the very border (laminate no. 1, see Table 2),
which is commondue to the sawingprocedure. In some cases,however,piths
maywellbepresentwithinthelaminate.Ithasbeendemonstratedthatthepith
locationssignificantlyaffectthestresses(AicherandDillͲLanger2005;Angstand
Malo2010;2012).To take intoaccounttheeffectofpithswithin the laminates,
additionalcaseswillalsobemodeledasdescribedbelow.
Table2 Geometricalconfigurationsusedforthenumericalsimulations
Referenceconfiguration Exampleofaconfigurationwithpiths
withincertainlaminates
Coordinates(mm)
ofthepithlocation
ineachlaminate:
6)x=44,y=221
5)x=37,y=227
4)x=40,y=186
3)x=51,y=142
2)x=50,y=98
1)x=48,y=0
Coordinates(mm)
ofthepithlocation
ineachlaminate:
6)x=54,y=275
5)x=37,y=227
4)x=60,y=142
3)x=35,y=138
2)x=54,y=96
1)x=36,y=Ͳ8

P1andP2arelocationsinthecrosssection,
wherelargelocalstressesarise(seeFig.3)

2.4.1 Averageandlocalstressesinacrosssectionof90mmwidth
A first seriesof analyses aims at studying average and local stresses in a cross
sectionof fixedwidth (90mm)butwithvaryingpithgeometry.Thestressesare
calculatedafter12dofwettingfrom50%to90%RH,becausetheexperimentally
measuredstresseswere largestat this time (AngstandMalo2012).Whereas in
the experiments, only estimation of average stresses is possible, numerical
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simulationspermittocalculatelocalstressesforeverymeshnodeofthemodeled
crosssection.Fromthis,themaximumandminimumstressesareevaluatedasa
function of xͲcoordinate, thus yielding a profile of maximum and minimum
stresses through the cross section. In addition, also the averageover the cross
sectionheight iscalculatedasa functionofxͲcoordinate.Note thathere,stress
alwaysmeansstressinyͲdirection.
Thisanalysis isperformedforthereferencecrosssectionaswellasforallofthe
24crosssectiongeometriesevaluatedintheexperimentalstudy.Thiscoversalso
some of the untypical cross sections that have pithswithin the laminates, an
exampleofwhichisshowninTable2.
2.4.2 Stressdistributionindifferentcrosssectionwidths
A second series of analyses is performed to study the effect of different cross
section widths. TheMC and the stresses are calculated for cross sections of
90mm,140mm,and215mmwidthafter5,12,21,and38dofwetting.Cross
section 215 mm is the largest standard dimension commercially available in
Norway.Accordingtotheglulamproducer(personalcommunication)thesawing
patternof the timber log isbasically thesame for thebuildͲupofeachof these
cross sections. Thus, the same reference configuration according to Table 2 is
applied for all cross sections. The larger cross sections 140 and 215mm are
modeled, by enlarging the 90mmwide cross section laterally. The calculated
stresses are average stresses over the cross section height (as a function of
xͲcoordinate).
2.4.3 Stressdevelopmentovertimeincrosssectionsofdifferentwidths
Furtheranalysesareconcernedwiththedevelopmentofstressesovertime.The
stressesarecalculatedinselectedpointsofcrosssectionsofvariouswidthsinthe
range 90 mm – 215 mm during 180 d of wetting. These selected points
correspond topointswhere– in the referencegeometricalconfigurationof the
crosssection–highlocalstressesarise(P1andP2,seeTable2).Inaddition,also
thedevelopmentoftheaveragestressinthecrosssectioncenterisevaluated.
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3.1 Averageandlocalstressesinacrosssectionof
90mmwidth
Figure 3 shows the average stress compared tomaximum andminimum local
stress distributions (in yͲdirection) in a cross section with the reference
geometricalconfiguration.Theshadedarea,whichislimitedbythemaximumand
theminimumstresses,highlightsthe largerangeofstressespresentatacertain
xͲcoordinate inthecrosssection. Inthecenterpartsofthistypicalcrosssection
themaximum tensile stresses can be up to 2MPa (indicated by P1),which is
about2.5timestheaveragestressinthecenter.

Fig.3Modeledstressrangeafter12daysofwettinginthereferencecrosssection
Figure4showstheeffectofdifferentgeometricalcrosssectionconfigurationson
localstresses.Inadditiontothestressdistributionofthereferencecrosssection
(shownas lightgreyshadedarea),alsothemaximumstressesobtained from24
different cross section geometries are shown (by the upper envelope of all 24
cross sections). It can be noticed that the range of local stresses is clearly
increasedcomparedtoFig.3,andthatseveralsignificantpeaks(indicatedbyP3Ͳ
P6) arepresent. Thesepeaks result from geometrical configurationswhere the
pith is locatedwithina laminate.Therethemaximumtensilestressvaluecanbe
almostupto5.5MPa.
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Fig.4Modeledstressrangeafter12daysofwettingobtainedfrom24different
geometricalconfigurations(upperenvelope)comparedtothestressrangeobtainedwith
thereferenceconfiguration(lightgreyshadedarea)
3.2 Stressdistributionincrosssectionsofdifferent
widths
Figure5ashowsthecalculatedMCdistributionafter5,12,21,and38dofwetting
in a 90 mm, 140 mm, and a 215 mm wide cross section. As expected, the
distributionsaresymmetricwithrespecttothecrosssectioncenters.Thearising
MCgradientsdependtoalargeextentonlyontheinitialclimaticconditioninthe
specimenandtheexternalclimatechange,andthus,theyarebasicallythesame
forallthreestudiedspecimenwidths.However,thetimeatwhichthelargestMC
gradient occurs and the period in time during which a certain gradient is
maintaineddiffers fordifferent specimenwidths.The internal stresses (Fig.5b),
aredirectly related to theMCgradients,whereby largegradients result in large
tensilestressesinthespecimencenter.Thetimeatwhichthemaximuminternal
stress in the specimen center arises,dependson the cross sectionwidth in an
analogousmannerastheMCdistributions.Inlargercrosssections,themaximum
stresses appear later in time, but in return they are present for a longer time
periodcomparedwithsmallercrosssectionsizes.
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Fig.5Modeleda)moisturecontentandb)stressdistributionduringwettinginglulam
crosssectionsofwidth90mm,140mm,and215mm(basedonthereference
configuration)
3.3 Stressdevelopmentovertimeincrosssectionsof
differentwidths
Figure6ashowsthedevelopmentofthemaximumtensilestressesduring180dof
wettingat twodifferent locations in90mm,140mm,and215mmwide cross
sections.ThelocationscorrespondtothepointsP1andP2shownforthe90mm
widecrosssectioninFig.3andTable2.Figure6bdisplaysthedevelopmentofthe
average tensile stress (over the specimen height) in the cross section center.
Figure6bincludesalsotheaveragestressdevelopmentin120mm,160mm,and
180mmwidecrosssections.The figuresshow that thestressͲtimeͲcurvesdiffer
for the threestudiedcrosssectionwidths. In thesmallestcrosssection (90mm
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wide)thestresses increaserapidlyandwhenthepeak isreached,theydecrease
rapidlyagain.Thelargerthecrosssection,theslowertheincreaseanddecreasein
stress,andthelateristhepeakstressreached.Inaddition,thetimeduringwhich
the peak stress ismaintained gets longerwith increasing cross sectionwidth.
Interestingly,thepeakstressesshowninFig.6aand6barelargestinthe140mm
widecrosssection.
 
 
Fig.6Developmentovertimeofa)maximumlocalstresses(inselectedpointsofthecross
sections)andofb)averagestressesinthecrosssectioncenter
 

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4.1 Theeffectofdifferentcrosssectiondimensions
It is apparent that the stress distributions plotted in Fig. 5b differ between
differentcrosssectionwidths.Inthesmalleststudiedcrosssection(90mm),the
stressesincreasegraduallytowardsthecenterforallwettingperiods.Inthewider
crosssections,afteragradualincreaseintheouterzone,thestressesflattenout
and showa further increase towards thevery cross section center.This canbe
explained by two overlapping effects: MC gradients and varying modulus of
elasticity.Inthewidercrosssections,thecentralpartsare initiallyunaffectedby
wetting (Fig.5a)and thus,no largemoisture induced stressesoccur.The stress
increase intheverycentercanbeexplainedbythemodulusofelasticity,which,
owingtotheannualringpattern, increasestowardsthecenter (AngstandMalo
2012).
Theresultsconcerningaveragestressdevelopmentovertime(Fig.6b)showthat
the tensile stresses are largest in the 140mmwide cross section. This can be
explainedby thebalanceof forces,which requires that internal stresses are in
equilibrium.Thesizeofthecrosssectionareawhichexhibitscompressivestresses
issimilarinallthestudiedcrosssections(Fig.5b).However,thesizeofthearea,
which takes up the tensile forces, is larger the wider the cross section, thus
resultinginsmallerstresses.Insmallercrosssections(90mm)theinnerpartsare
affectedearlierbytheMCchange,whichresultsinsmallerMCgradientsandthus
smallerstresses.The results inFig.6bsuggest that140mmwidecrosssections
areunfavorablewith respect toMiS. The stresspeaks reached in120mm and
160mmare,however,onlyslightlylower.
The present results concerning large cross sections are in accordance with a
parametricstudyperformedbyHäglund(2010),wherethetensilestressesinthe
centerof215mmwidecrosssectionswerefoundtobesignificantlylowerthanin
90mmwidecrosssections.However,differentgeometricalconfigurationswere
appliedforthedifferentcrosssections.
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4.2 Tensilestressesversustensilestrengthofglulam
perpendiculartograin
Inthissectionthetensilestressesobtainedbymeansofnumericalsimulations,as
depicted in Figs. 3Ͳ6, are compared with tensile strength values from the
literature.
Figure7showsthedevelopmentofaveragestresses(inthecrosssectioncenter)
over time in cross sections of different widths (reference configuration) and
tensile strength limits from the literature. The strength limits L1 (Astrup et al.
2007) and L2 (Jönsson and Thelandersson 2003) correspond to the ultimate
strength of glulam specimens loaded in tension perpendicular to grain until
failure.Thedashed linesand theerrorbars inFig.7representmeanvaluesand
standard deviations, respectively, of L1 ( x = 1.13MPa, s = 0.31MPa) and L2
( x =1.37MPa,s=0.23MPa).Thesetwoliteraturestrengthlimitsaresuitablefor
comparisonwiththeaveragestressesobtainedinthepresentstudy,astheywere
measured on specimens with similar height dimension andMC. TheMC was
around12%andthuscorrespondstotheMCinthecenterofthespecimenofthe
presentstudywhenthe largeststressesarise(Fig.5).Figure7suggeststhat it is
unlikely for the stresses to exceed the strength limits.On the other hand, the
stresses clearlyexceed the characteristic tensile strengthperpendicular tograin
according to prEN 14080 (2011) (denoted “EN” in Fig. 7). Nevertheless, the
strength of a cross sectionwhich exhibitsMiS is reduced compared to a cross
sectionwithout internalstresses.ThiswasexperimentallyshownbyJönssonand
Thelandersson (2003),who performed tensile tests on glulam specimens, after
differentdaysofwettingfrom40%to80%RH.Inthepresentcase,thedifference
between the strength limitsand themaximumaverage stresses corresponds to
the remaining strength of the cross section. As an example, the remaining
strengthofthe90mmwidecrosssectionisbetween0.5and0.74MPaafter24d
ofwetting.Thisagreeswellwiththemeanultimatetensilestrengthof0.65MPa
measured in glulam specimens after 24 d of wetting by Jönsson and
Thelandersson(2003).
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Fig.7Developmentofaveragestressesandtensilestrengthlimitsfromliteraturewith
correspondingstandarddeviation(errorbar),L1:Astrupetal.(2007),L2:Jönssonand
Thelandersson(2003),EN:prEN14080(2011)
In the following, local stresses are comparedwith local tensile strength limits.
Localtensilestrengthlimits(inyͲdirection)werecalculatedforeachxͲcoordinate
wherethemaximumlocalstressarises,basedontheannualringconfigurationin
thecorrespondingpoint,usingHankinson’sequation:
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t R t T
f f
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f fT T T
     (10)
whereT istheanglebetweentheradialdirectionofthewoodandtheyͲdirection
ofthespecimen.Thestandarddeviationwascalculatedinthesamemanner.The
meanvaluesforthetensilestrengthinradialandtangentialdirection,ft,Randft,T,
aswell as the standard deviationswere taken from Blass and Schmid (2001):
ft,R=2.55±0.485MPa,andft,T=1.80±0.423MPa.BlassandSchmidperformed
tensile tests indifferentdirectionsperpendicular tograin (radial, tangential)on
thinsolidtimberslicesmadeofspruce(MC=12.5%).
Figure 8a shows a certain point in time, when the peak maximum stress is
reached.Thispointintimediffersbetweenthevariouscrosssections,being19d
(90mm),57d(140mm)and178d(215mm).Ascanbenoticed,onlythe inner
partofthecrosssection,especiallythestresspeak,exhibitstensilestresseswhich
maybeabovelimitvalues.Atthepeakthestressesarelikelytoexceedthetensile
strengthwithaprobabilityof55% (215mm),62% (90mm)and80% (140mm)
dependingon the cross section.Theprobabilitiescorrespond to theareaunder
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theprobabilitydensityfunctionofthelocaltensilestrength(assumedasnormally
distributed), integrated from Ͳь to the valueof the stresspeak.Note that the
fluctuationof thestrength limit inFig.8a,calculatedwithHankinson’sequation
(Eq.10), arises from thedifferent locationsof themaximum stresspointswith
differentannualringpatternsineach.
Figure8bshowsthemaximum localstressesobtainedwithdifferentgeometrical
configurations and corresponding strength limit.As apparent, the stress peaks,
whichariseclosetoapithclearlyexceedthestrengthlimit.Moreover,thetensile
strengthmeasuredonsolidtimberslicesincludingapithwasfoundtobereduced
comparedtosliceswithoutpith (BlassandSchmid2001).Tosumup,small local
cracksmayarise,especiallyclosetooratstresspeaks.


Fig.8Maximumlocalstressesatspecificpointintimeandtensilestrengthlimitsfrom
literatureincrosssectionsofa)differentwidths(referenceconfiguration)andb)obtained
from24differentgeometricalconfigurations.Thecorrespondingstandarddeviation(error
bar)isonlyindicatedattheborderforreasonofclarity
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4.3 Theeffectofthegeometricalconfigurationof
glulamcrosssections
Theresultsconcerningaverageandlocalstressesinaglulamcrosssection(Fig.3,
Fig. 4) have shown that the internal local stresses are strongly affected by the
geometricalconfigurationofaglulammember.Configurations,wherethepith is
presentwithin a laminate, exhibithigh local stresseswhich significantly exceed
the tensile strength limits presented above. This means that geometrical
configurationsthatcontainpithsareprobablymorevulnerabletocrackformation
thanpithͲfreecrosssections.
From a practical perspective, high local stresses might thus be reduced by
optimizing theprocedure forproductionof glulambeams. Figure9depicts the
sawing pattern commonly used for cutting laminates from logs (personal
communication with glulam producer). While laminates A, cut from the log
center, typically contain a pith at the border, laminates B are pithͲfree. A
systematic investigationofgeometrical configurationshas shown that the cross
sectiondepictedinFig.9b,wheretypeBlaminatesaregluedfaceͲtoͲface,exhibits
the lowestMiS.Anotherwayofoptimizingglulamproductioncouldbetoadapt
thesawingpatternsothatthepithisremovedbycuttingathincentralsliceofthe
logas illustratedbythegrayshadedarea inFig.9c.ThiswouldallowusingpithͲ
freelamellasandatthesametimekeepingthemateriallossonalowlevel.
 
Fig.9Sawingpatternandcrosssectiondesign

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Bymeansofnumericalmodeling,thepresentstudyhighlightsthedistributionand
development over time ofMiS that arise in glulam cross sections during oneͲ
dimensionalwetting.
Theresultshaveshownthatowingtotheannualringpatternofthelaminatesin
glulamcrosssections,localstressesaresignificantlyhigherthanaveragestresses
(average over cross section height). The ratio of local and average stresses
depends strongly on the cross section geometry andwas in the present cases
foundtobe intherange2–7.Thesepronounceddifferencesarisefromdifferent
geometricalconfigurations, inparticularthepresenceorabsenceofpithswithin
the laminates; also the location of piths within the cross section affects the
magnitudeof localstresses.Basedon thepresentnumericalmodel,suggestions
were made how optimized production of cross sections could improve their
behaviorandreduceMiS.
Similarlytothestresses,alsothestrengthperpendiculartograindiffersbetween
averageandlocallyevaluatedstrengths.
Theresultsconcerning localMiShaveshownthatthesemay leadtosmallcracks
inthecrosssectionevenwithoutexternalload.Thesecrackscanreducetheload
bearingcapacityofthemember.Theywill–inthecaseofwetting–initiateinthe
centralpartofthetimbermemberandthusnotbevisiblefromtheoutside.The
comparison ofdifferent cross sectionwidthshas shown that thewider a cross
section is,the longer ittakesuntil largestressesarise.Thus,widercrosssections
appear only to be prone to cracking when very long wetting cycles occur.
Measures such as coatings,which reducemoisture transport,or reinforcement
perpendicular tograin,which increases the tensilestrengthof timbermembers,
mightbeusedtoreducetheriskofcrackingduetotensionperpendiculartograin.
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Additionaltestresults:
Glulamspecimenssubjectedtowettingfrom
40toa100%RHanddryingfroma92to40%RH
Testprogram
In thisappendix,additional test resultson reinforced (usinga SPAX screw)and
unreinforced glulam specimens (W*H*L=90*270*90mm3) subjected to rather
extreme wetting and drying exposure (oneͲdimensional) are presented and
discussed. On the whole, the experiments correspond to previous studies
performedbythepresentauthor(AngstandMalo2012a,b)onglulamspecimens
subjectedtowettingfrom50to90%RHanddryingfrom90to50%RH.Themain
differences are the climate variation,whichwasmore extreme in the present
case,and the fact thatonlyonepoint in time (12d)was testedduring climate
exposure.Thespecimensusedforthewettinganalysiswereseasonedinaclimate
chamberwith40%RHandsubsequentlyplacedinaboxwithwatersaturatedair
(~100%RH)forclimateexposure.Thespecimensusedforthedryinganalysiswere
seasoned in~92%RH (climate chamber) and subsequently exposed to 40%RH
(climatechamber).TheRH’softhepresentstudywereselectedtorepresentmore
extreme climate changes than the ones commonly measured in sheltered,
unheated timber structures inNordic countries (RantaͲMaunus 2003). The test
programissummarisedinTableA.1.
Theexperimentalprocedure fordetermining restrainedstrains, releasedstrains,
moisture contents (MC), moduli of elasticity (MOE) and hygroexpansion
coefficients is described in detail in Angst andMalo (2012a). For the slightly
adapted procedure in the case of screw reinforced specimens it is referred to
Angst andMalo (2012b).However, in the present study, 3 of the 6 reinforced
specimensinthewettingcase(markedwith*inTableA.1)weresmallerthanthe
others.Afterinsertingthereinforcementscrew,thesespecimens(withanoriginal
lengthof L=90mm)werediminishedby removinga22.5mm thick slice from
both the front and the back side, resulting in a reinforced specimen with
L=45mm(in longitudinaldirection).Theobjectivewiththesespecimens, inthe
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following named “reinforced s”,was to be able to perform themeasurements
closertothescrew.
TableA.1Testprogram
Testseries
(measurements) Seasonedin Exposedto Parallelspecimens
Testing
time
Restrainedstrain,
releasedstrain,MC
40%RH
a92%RH
a100%RH
40%RH
3unreinforced/2u3=6*reinforced
3unreinforced/3reinforced
12d
12d
Modulusof
elasticity
40%RH
a92%RH
a100%RH
40%RH
3
3
12d
12d
Hygroexpansion
coefficient
40%RH
a92%RH
a100%RH
40%RH
3
3
Atincreasing
timeintervals
*3arewithsmallerspecimens,seetextforexplanations

Resultsanddiscussion
In the following the results from the present experiments are presented and
discussed. Except for the moisture content, the results were assumed to be
symmetric,thusthevaluesfromthesamedistancefromthecrosssectioncentre
(slices1/9,slices2/8,slices3/7,slices4/6)obtained fromthecuttingprocedure
described inAngstandMalo (2012a)wereconsidered together. In thisway,the
meanvaluesand thestandarddeviationswerebasedon6measuredvaluesper
slice.
Fig.A.1showsthemoisturecontent inthedifferentslicesofthereinforcedand
unreinforcedspecimensafter12dofwettingand12dofdrying.Asexpected,the
distribution issymmetric.Thestandarddeviation isminimal in thecrosssection
centre (slice 5) and largest at the border of the cross section (slices 1 and 9),
wheretheMCisverysensitivetochangesinthesurroundingclimate.Suchsmall
changesaretobeexpected intheusedclimatechambersandevenmore inthe
saturatedboxusedforthe100%RH.
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Fig.A.1Meanmoisturecontentdistributioninwettinganddryingspecimens
(whiskers=standarddeviation)
Fig. A.2 shows the restrained swelling and shrinkage strains, which were
measuredonthefrontsurfaceofthereinforcedandunreinforcedspecimensafter
climateexposure.Althoughthestandarddeviationbetweenparallelspecimensis
considerable,especiallyinthedryingcase,theeffectofthescrewisclearlyvisible.
The screwprevents toacertaindegree theglulam from swellingand shrinking.
When comparing both reinforced specimens in thewetting case (reinforced /
reinforceds), itcanbenoticed,thattheeffect ismorepronouncedthecloserto
the screw the strains are measured (as expected). However, the difference
betweenbothreinforcedspecimensisrathersmall,duetothefactthattheeffect
of thescrewdecreases rapidlywith increasingdistance to thescrew (Angstand
Malo2012b).

Fig.A.2Meanrestrainedstrainsaftera)12dofwettingandb)12dofdrying
(whiskers=standarddeviation)
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Fig. A.3 shows the released strain distribution of unreinforced and reinforced
specimens. These strains together with themeasuredMOE values are in the
following used to calculate the internal stresses. In reinforced specimens the
releasedstrainscouldnotbeevaluated inthecrosssectioncentre(slices4,5,6)
duetothepresenceofthescrew.


Fig.A.3Meanreleasedstrainsaftera)wettingandb)drying
(whiskers=standarddeviation)
Fig.A.4showsthedistributionoftheeffectiveMOE (average indirectionofthe
specimenheight(ortheslice length))measured inwettinganddryingspecimens
after12dofclimateexposure.Asexpected,thevaluesincreasetowardsthecross
section centre, due to the annual ring orientation: In the centre,mostly radial
wood ispresent,exhibitingaMOEabouttwicethesizeoftheMOEoftangential
wood,which isprimarilypresentat the cross sectionborder (Dinwoodie2000).
Thescatterbetweenindividualspecimensisgenerallylow,exceptforthecentral
slices.
ThefiguresuggeststhattheMOEvaluesareaffectedbymoisture:MOEincreases
withdecreasingMC,whichisaccordingtousualassumption(Dinwoodie2000).At
the cross sectionborder, thedrying specimensexhibit lowerMC values (~12%)
thanwettingspecimens (~17%)andaccordinglyhigherMOEvalues. Inthecross
section centre, the opposite is the case: The centre slices of drying specimens
exhibit higher MC values (~18%) than wetting specimens (~9.5%), which
correspondinglyresultinlowerMOEvalues.Theseobservationsareincontrastto
the findings in theprevious study (AngstandMalo2012a),where theeffectof
moisture was found negligible compared to the effect of geometrical
configuration.Onereasonforthisdiscrepancycouldbethe largerMCvariations
involved inthepresentcase,which increasesucheffects.However,theeffectof
geometrical configuration,whichwas found to be pronounced in the previous
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study,wasnotevaluatedinthepresentcase,thustheratiobetweenbotheffects
(MCandgeometricalconfiguration)isnotknownforthepresentstudy.

Fig.A.4Meaneffectivemodulusofelasticityafter12dofwettinganddrying
(whiskers=standarddeviation)
Fig.A.5presentstheinternalstresses,calculatedbymeansofthereleasedstrains
(Fig.A.3)and theMOE’s (Fig.A.4).Note that themeanvaluesand thestandard
deviations are based on 6measured strain and 3measuredMOE values per
slice.Inthefigurealsothecharacteristictensilestrengthofglulamperpendicular
to grain is depicted,which is 0.5MPa according to prEN 14080 (2011). In the
wettingcase(Fig.A.5a)theinternaltensilestressesinunreinforcedspecimens(ca.
1.0MPa)clearlyexceedthecharacteristictensilestrength.Withareinforcement
inthespecimencentrethesestressescouldbesignificantlydecreased(Angstand
Malo2012b).However, the reinforcingscrewcauses largerstressesat thecross
section border (slices 1/9),which – in thewetting case – concern compressive
stresses and are thusnot consideredproblematic,while – in thedrying case –
theyconcerntensilestresses.Ascanbenoticedthesetensilestressesexceedthe
characteristictensilestrength inreinforcedspecimensasopposedtothecase in
unreinforced specimens (Fig. A.5b). Thus, the reinforcing screw has a positive
effectinwettingcasesbyreducinginternaltensilestresses,whileindryingcases,
it increasestensilestressesattheborder (owingtoamorepronounced internal
restraint). However, the present climate variations are rather large and for
smaller,more realisticvariations the tensile stressesduringdrying in reinforced
specimenswerenotfoundtoexceedthecharacteristictensilestrength(Angstand
Malo2012b).
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Fig.A.5Meaninternalstressdistributionafter12dofa)wettingandb)drying
(whiskers=standarddeviation)
Fig.A.6showsthefreeswellingandshrinkagestrainsinthevariousslicesofthe
specimenatdifferentmoisturecontents.Thesehygroscopicstrainscorrespondto
theamountasliceexpandsorshrinkswhenitisnotrestrainedduringexposureto
climate variations. Linear regression lineswere fitted through the data points,
whereby the slopes of the lines represent the effective hygroexpansion
coefficientsɲindirectionofthespecimenheight(orslicelength).Theexpansion
orshrinkageissmallestinthecrosssectioncentre(slice5)andincreasestowards
the cross section border (slices 2/8, 1/9), which is due to the annual ring
orientation. The movement in the outer slices is determined by the
hygroexpansioncoefficientintangentialdirection,whichisabouttwicethesizeof
thecoefficientinradialdirection,thelatterbeingdeterminantfortheinnerslices.
Fig.A.6Hygroscopicstrainsduringa)wettingandb)drying
Thehygroexpansioncoefficientsinradial(ɲR)andtangential(ɲT)directionswere
evaluatedbymeansofthesameprocedureasinthepreviousexperimentalstudy
(Angst and Malo 2012a). The fitted coefficients for the present study are
A7

presented in TableA.2 togetherwith the results from the previous study. The
comparison reveals two issues: First, according to both studies different
hygroexpansioncoefficientsapply for thewettingand thedryingcase,whereby
thecoefficientsarelargerinthewettingcase.Theratiobetweenthecoefficients
inradialandtangentialdirections,however,issimilar,beingabout1:2.Secondly,
thecoefficientswithinonegroup (wettingordrying)aresimilar inbothstudies,
although theseweredeterminedondifferent specimensusingdifferent climate
variations.
TableA.2Hygroexpansioncoefficients
Hygroexpansioncoefficients Wetting Drying
Presentstudy ɲR=0.17,ɲT=0.34 ɲR=0.14,ɲT=0.28
Previousstudy(AngstandMalo2012a) ɲR=0.15,ɲT=0.32 ɲR=0.14,ɲT=0.26

Summaryandconclusions
Thetestresultspresentedabove,involvingmoreextremeclimatevariationsthan
those of themain experiments reported in this thesis, represent an additional
dataset,whichmight–forexample–beusedasabasisfornumericalsimulations
of moisture induced stresses in glulam. Due to the more extreme climate
variations applied in the present study compared to previous studies, certain
effectswereamplifiedandcouldthusbedetected:
Ͳ Aneffectofmoisturecontentonmodulusofelasticitywasfound,namely
thattheMOEincreaseswithdecreasingMC.Thisisinagreementwiththe
literature.Thiseffectwasnotdetectedornegligible compared toother
effects when smaller, however more realistic climate variations were
applied.
Ͳ Thescrewreinforcementwasfoundtoincreasethetensilestressesupto
criticalstresses(abovecharacteristictensilestrength)atthecrosssection
border during drying exposure. This effect was less pronounced when
smaller climate variationswere applied, so that the tensile stressesdid
notreachcriticallevels.
Moreover, the present experiments confirmed results from the previous study
(Angst andMalo 2012a), namely that the hygroexpansion coefficients in crossͲ
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grain directions are different forwetting and for drying.Duringwetting, larger
hygroexpansioncoefficientsapply.
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Additionaltestresults:
Glulamspecimenssubjectedtocyclicclimatevariations
between90–50–90%RH
Testprogram
In this appendix, additional test results on reinforced (using SPAX screw) and
unreinforced glulam specimens (W*H*L = 90*270*90mm3) subjected to cyclic
climatevariations (oneͲdimensional)arepresentedanddiscussed. Incontrast to
otherstudies,e.g.(Jönsson2004),thecyclicclimatevariationsinthepresentcase
werenotselectedtobesymmetric (forexampleabeamconditionedat60%RH
andcyclingbetween80and40%RH).For thepresent study, theglulambeams
werenotseasonedinacertainRH,butratherusedintheconditiontheywereat
delivery from themanufacture,which corresponded to approximately 60% RH.
Specimenswerecutfromthebeamsandstoredinaclosedbox,inordertoobtain
a uniform moisture content (MC) distribution across the cross section width,
before being subjected to wetting (90% RH) and drying (50% RH) cycles with
7 days interval. In this manner, the wetting cycles involved a larger climate
gradientthanthedryingcycles.
The experimental procedure for determining restrained strain, released strain,
andMC corresponds to theonedescribed indetail inAngstandMalo (2012a),
wheresingleclimatechangeswerestudied.Theslightlyadaptedprocedureinthe
caseof reinforced specimens ispresented inAngst andMalo (2012b).The test
programissummarisedinTableB.1.
TableB.1Testprogram
Testseries
(measurements) Seasonedin Exposedto Parallelspecimens
Testingtime
(days)
Restrainedstrain,
releasedstrain,MC a60%RH
Cyclic:90%
and50%RH
3unreinforced/
3reinforced
7w,14dr,21w,
28dr,35w,42dr
w,drdenoteifthespecimensareattheendofawetting(w)ordrying(dr)cycleattesttime
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Resultsanddiscussion
In the following, the results from thedescribedexperimentsarepresentedand
discussed. Except for the moisture content, the results were assumed to be
symmetric,thusthevaluesfromthesamedistancefromthecrosssectioncentre
(slices1/9,slices2/8,slices3/7,slices4/6)obtained fromthecuttingprocedure
described inAngstandMalo (2012a)wereconsidered together. In thisway,the
meanvaluesand thestandarddeviationswerebasedon6measuredvaluesper
slice.
Fig.B.1showsthemoisturecontentinthedifferentslicesofthespecimensafter
cycling between 90 and 50% RH. The distribution is fairly symmetric and the
standarddeviationsareminimal,almostnotvisibleatall. Itcanbenoticed that
thecyclesmainlyaffecttheoutertwotothreeslicesofthespecimen(slices1/9,
2/8,3/7),whereasthe innerpartsaresignificantly lessaffectedbythemoisture
variations. This same observation was already done by Jönsson (2004), who
appliedacyclicclimatechangeonunreinforcedglulamspecimens,startingwith
60%RHandcyclingbetween40%and80%RHwith7days interval.Pleasealso
note that theMC in the inner parts of the specimen keeps increasing after a
wettingcyclealthoughthespecimenissubjectedtoadryingcycle.Thus,thereisa
continuously increasing trend in MC in the cross section centre. This is not
surprisingsincethedifferencefromtheoriginalstate(conditionedat60%RH)to
thewetting exposure (90% RH) is larger than the one to the drying exposure
(50%RH).

Fig.B.1Meanmoisturecontentdistributionduringcycling
Fig. B.2 shows the restrained strain distribution measured at the specimen
surfaceaftera)wettingcycles(7,21,and35d)andb)dryingcycles(14,28,42d).
Thestandarddeviationsarenotdepictedforreasonofclaritybutareconsiderable
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rangingfrom0.0002upto0.0012.Therestrainedswellingstrainsmeasuredafter
wetting cycles exhibit a similar pattern as the strains in specimens exposed to
singlewettingchanges(AngstandMalo2012a,b):Thereinforcingscrewprevents
to a certain degree the deformation of the glulam specimen. The strains
measuredafterdryingcyclesinthepresentexperimentsdifferfromthestrainsin
specimens exposed to single drying changes of earlier studies reported in this
thesis(AngstandMalo2012a,b).DuetotherelativelysmallMCgradientsduring
dryingcyclesandtheincreasingMCtrendinthecrosssectioncentre(Fig.B.1),the
strainsarealwayspositive,whichmeans the specimensare swellingover time.
However, the reinforcing screw has the same effect as during wetting cycles;
namelyinhibitingthedimensionalchangesinthetimber.

Fig.B.2Meanrestrainedstrainsaftera)wettingcyclesandb)dryingcycles
Fig.B.3 shows the released straindistributionsafter cyclic climate change.The
standarddeviationsareagainnotdepicted,butwerebelow0.0011afterwetting
cycles (a)andbelow0.0007afterdrying cycles (b). In reinforced specimens the
strains could not be evaluated in the inner slices (slices 4, 5, 6) due to the
presenceofthescrew.Thereleasedstrainsareinthefollowingusedtocalculate
theinternalstresses,inthesamemanneraspreviouslyreported(AngstandMalo
2012a).
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Fig.B.3Meanreleasedstrainsaftera)wettingcyclesandb)dryingcycles
Fig. B.4 presents the internal stress distribution, calculated by means of the
releasedstrains(Fig.B.3)andtheMOE’sfromAngstandMalo(2012a).Notethat
themeanvaluesandthestandarddeviationsarebasedon6measuredstrainsand
24measuredMOEvaluesperslice.Thetensilestressesarisingafterbothwetting
anddryingcyclesaregenerallybelow0.5MPa,which isthecharacteristictensile
strengthof glulamperpendicular to grain according toprEN14080 (2011). The
stressesare smaller than corresponding stressesafter singlewettingexposures,
forexampleAngstandMalo(2012a).Itisbelievedthatduetotheshortcycles,no
large stresses develop and that longer cycleswould yield pronouncedly higher
stresses,whichisinaccordancewithAicherandDillͲLanger(1997).
Due to the increasing trend inMC in the specimens, the stresses after drying
cycles (Fig.B.4b) showaparticulardistribution: In the cross section centre, the
stresses are tensile stresses (at 28 and 42 d),which is normally the case after
wetting cycles,while at the cross section border, the stresses are also tensile
stresses,thisbeingaccordingtothecaseafterdryingcycles.Thus,themaineffect
of thepresentdryingcycles is todecrease thestresses in thecentre; thecycles
arenot longenough (orthedifferencefromtheseasonedstate(60%RH)tothe
drying climate (50% RH) is not high enough) for the stresses to become
compressivestresses.
Whilethescrewreinforcementclearlydecreasesthearisingtensilestressesinthe
crosssectioncentre,theeffectofthereinforcingscrewattheborderisnotclearly
visible.Afterwetting cycles (Fig.B.4a), the reinforced specimensexhibit slightly
larger (compressive) stresses at the cross section border,whereas after drying
cycles (Fig. B.4b), the stresses in reinforced and unreinforced specimens can
hardlybediscerned.
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Finally,aswasalreadynoticedby Jönsson(2004),timeandnumberofcyclesdo
notseem toaffect thestressdistribution inanyspecificdirection,whichmeans
thatthereisnocumulativeeffectofrepeatedmoisturecycling.
Fig.B.4Meaninternalstressaftera)wettingcyclesandb)dryingcycles(symbols=mean
valuesovercrosssectionheight,whiskers=standarddeviations)
Summaryandconclusions
The following conclusions are drawn from the test results presented above
involving “skewed” cyclic climate variations (seasoned at 60% RH, wetting at
90%RH,dryingat50%RH):
Ͳ Theshortcyclesof7day intervalsresult inrathersmall tensilestresses,
which are generally below the characteristic tensile strength of glulam
perpendiculartograin
Ͳ Owing to the skewed cyclic climate variations of the present case, the
centralpartsof thespecimensarealways ina“wettingphase”.TheMC
increasescontinuouslyalthough thespecimensarerepeatedlysubjected
todrying,andthestressesinthespecimencentrearealsotensilestresses
afterdryingcycles
Ͳ Thestressesare–as in thecaseofsingleclimatechanges– largerafter
wetting cycles than after drying cycles. This is also in agreementwith
other studies involving“symmetric”cyclicclimatevariations (Aicherand
DillͲLanger1997;Jönsson2004)
Ͳ In correspondence to previous findings (Jönsson 2004), no cumulative
effectofrepeatedmoisturecyclingwasfound
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